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CHANGES I N  PERSONNEL 

The Labora to ry  has  been s t r e n g t h e n e d  d u r i n g  1969 by t h e  a d d i t i o n  
of e i g h t  new members. They a r e  a s  fo l lows :  

C.  P .  Gerba,  P h y s i c a l  S c i e n c e  Technic ian  
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R .  S .  L i n e b a r g e r ,  P h y s i c a l  S c i e n c e  Aid 
El. L. Mas t i n ,  P h y s i c a l  S c i e n c e  Technic ian  
M.  S .  Riggs ,  Labora to ry  Technic ian  ( S a l t  R iver  P r o j e c t )  
J. A. S c h r o e d e r ,  P h y s i c a l  S c i e n c e  Technic ian  
C .  C .  S t e t t e r ,  Labora to ry  Technic ian  ( S a l t  R iver  P r o j e c t )  
A .  S t o c k t o n ,  B i o l o g i c a l  Labora to ry  Technic ian  

During 1969 t h e r e  were seven  d e p a r t u r e s .  They are as fo l lows :  

G .  Ekechulcwu, Labora to ry  Technic ian  ( S a l t  R iver  P r o j e c t )  
D. A. F o r s t i e ,  P h y s i c a l  S c i e n c e  Aid 
J. L. Gale, P h y s i c a l  S c i e n c e  Technic ian  
C. P. Gerba,  P h y s i c a l  S c i e n c e  Technic ian  
P. Kuechelmann, Labora to ry  T e c h n i c i a n  ( S a l t  R iver  P r o j e c t )  
J .  A. Schroeder ,  P h y s i c a l  S c i e n c e  Technic ian  
A. S t o c k t o n ,  B i o l o g i c a l  Labora to ry  Technic ian  

LAB ORATORY STAFF 

P r o f e s s i o n a l :  

H.  B o w e r ,  i3.S., M.S., Ph.D. P .E . ,  Research H y d r a u l i c  Engineer  
K. R. Cooley, B .S. , M.S . , Ph , D . ,  Research H y d r o l o g i s t  
W. L.  E h r l e r ,  B.A., M.S., Ph.D., Research P l a n t  P h y s i o l o g i s t  
L .  J .  E r i e ,  B.S., M.S., P.E. ,  Research A g r i c u l t u r a l  Engineer  
D. H .  F ink ,  B.S., X.S., Ph.D., Research S o i l  S c i e n t i s t  
G .  W .  F r a s i e r ,  B.S., M.S., Research Hydrau l ic  Engineer  
S .  B .  I d s o ,  B. Phys . , M.S., Ph.D., Research S o i l  S c i e n t i s t  
R. D. J ackson ,  B.S., M.S., Ph.D., Research P h y s i c i s t  
B. A.  Kimbal l ,  B.S., M.S., Ph.D., Research S o i l  S c i e n t i s t  
J .  C. Lance,  B.S., M.S., Ph.D., Research S o i l  S c i e n t i s t  
L. E. Myers, B.S. ,  M.S., P.E., Research H y d r a u l i c  Engineer  and D i r e c t o r  
F. S .  iGakayama, B . S . ,  M.S., Ph.D., Research Chemist 
R .  J .  Kegina to ,  B.S. ,  M.S., Research S o i l  S c i e n t i s t  
J. A. Replogle ,  B .  S . ,  l4.S . , Ph .D.  , P .E. ,  Research H y d r a u l i c  Engineer  
R. C.  R i c e ,  B.S., M.S., A g r i c u l t u r a l  Engineer  
F. D. W h i s l e r ,  B.S., i f .S. ,  Ph.D., Research S o i l  S c i e n t i s t  
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Technic ians  : 

G .  Ekechulc~m, Labora to ry  Technic ian  ( S a l t  R iver  P r o j e c t )  
E .  D. Escarcega ,  H y d r a u l i c  Engineer ing  Technic ian  
D. A .  F o r s t i e ,  P h y s i c a l  S c i e n c e  Aid 
0 ,  F. French,  A g r i c u l t u r a l  Research Technic ian  
J. L. Ga le ,  P h y s i c a l  S c i e n c e  T e c h n i c i a n  
C.  P .  Gerba, P h y s i c a l  S c i e n c e  Technic ian  
L. P . Gird ley  , g n g i n e e r i n g  Draftsman 
J . R. Griggs  , P h y s i c a l  S c i e n c e  Technic ian  
P . Kuechelmann, Labora to ry  Technic ian  ( S a l t  R iver  P r o j e c t )  
R. S .  L i n e b a r g e r ,  P h y s i c a l  S c i e n c e  Aid 
J. M. R. M a r t i n e z ,  Engineer ing  Aid 
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A. S t o c k t o n ,  B i o l o g i c a l  Labora to ry  Technic ian  

A d m i n i s t r a t i v e ,  C l e r i c a l ,  and Maintenance: 

0. J .  Abeyta,  Gardener 
1. G .  I l a r n e t t ,  J a n i t o r  
E .  D. B e l l ,  Genera l  M a c h i n i s t  
E. E .  D e  La Rosa, Maintenance Worker 
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A. H .  Morse, S e c r e t a r y - D i c t a t i n g  Pfachine T r a n s c r i b e r  
M. E.  Olson,  Clerk-Stenographer  
L. J . Ornes ide  , Clerk-S t enographer  
M. A. S e i l e r ,  Clerk-Stenographer  
H. F . Witcher  , Clerk-S t enographer  
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ITLE : L AND ANALYTICAL STUDIES OF TfJE PLOW 

QUALIE WATER, 

UNIT: SWC-012-gG-1 CODE NO,:  Ariz-WCL 66-1 

The need f o r  t h i s  s tudy  and the  pre l iminary  r e s u l t s  a r e  

given i n  the  1966 art, A s  r epo r t ed  i n  las t  y e a r ' s  

nnual Report, the  n of t he  volume of dra inage  wi th  

time from s o i l  columns can be made by r e l a t i v e l y  simple equa- 

t i o n s ;  t h a t  o f  oungs [ I ]  being the  b e s t ,  From the  s o i l  columns 

o r t ed  on under Project  ode No4: Ariz,-W('j& 68-3,  comparisons 

were made between ted  and observed dra inage ,  A f t e r  some 

conaidera t ion  i t  w covered t h a t  R new s e t  of e q u ~ t i o n s  

would b e t t e r  p red ic t  t h e  volume of dra inage  wi th  time. This 

f i nd ing  was the  b a s i s  of two papers approved by Div is ion  and 

kr r i t t en  by Frank 2). i s l e r  and Ray D. Jackson on "Approximate 

equat ions f o r  v e r t i c a l  nons teady-s ta te  drainage, ' '  The fol lowing 

is a condensation of those papers ,  

Consider a c o l u m  of s o i l  of l eng th  L wi th  a  water  t a b l e  a t  

the  bottom and a hab c a p i l l a r y  f r i n g e  h ,  If i t  is 

assumed t h a t  the heighk t o  the t r a n s i e n t  dra inage  front:  f s  % 

and t h a t  t h e  hydrau l i c  conduct iv i ty ,  K, averaged over  t he  region 

h t o  L In the  column corresponds l i n e a r l y  t o  t h e  average water 

content  over h t o  L, then the  drainage a t  time t is g iven  by 

where f i s  t he  d r a i n a b l e  po ros i ty  and A t he  c r o s s - s e c t i o n a l  

ssuming a  l i n e a r  r e l a t i o n s h i p  f o r  K(Z)  of t h e  form: 
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KO (.z* 
KCZl  = L-h. 

ere K is t h e  conduc t iv i ty  a t  zero  p re s su re  head, and 
0 

i n s e r t i n g  Equation f2) i n t o  Equation (I.) 

giver; 

and i n t e g r a t i n g  

S u b s t i t u t i n g  t h e  t o t a l  outf low,  Qm = f(L-h),  t h e  outf low 

a t  t i m e  t, Q = f(L-Z), and t h e  i n i t i a l  f l u x ,  qo = Ko(L-h)/L, 

i n t o  Equation (3)  g ives  

Ira - Q /Q, qo 

L 1-Q/s, 
- (I-h/L) I n  (1-Q/QJ - 

Q 
Qo 

t h / L  = 0 ,  Equation (4) reduces t o  

where r = qot/Q,. This  i s  Youngs' [ l ]  equat ion .  A t  t h e  

o t h e r  l i m i t  when h/L = 1, Equation (4) reduces t o  

h e  dra inage  from laboratoxy s o i l  columns, 

i t  was found t h a t  outflow-time d a t a  could be s t a t i s t i c a l l y  

f i t t e d  by a least-squares  technique t o  a two-parameter 
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as t -a o*, q - h  Q hence a = l/ Taking t h e  

e r i v a t i v e  of E u a t l o n  (71 a t  t = Ck gives  t h e  i n i t i a l  f l u x  

hence b = l / q o e  s ,  Equation 7 becomes 
o ' 

n transformed i n t o  terms of r i s  i d e n t i c a l  t o  

u a t i o n  f i t s  t h e  obse 

minat ion of 0.99 o r  b e t t e r ,  

s was seen  i n  las t  y e a r ' s  Annual Report and as w i l l  b e  

qua t ion  5 f i t s  t h e  d a t a  very  w e l l  f o r  va lues  

0 For h i  er va lues  of Q/Qm Equation 6 i s  of a 

rm. They can be  combined i n  a ~ t a  is t i c a l  manner 

( 9 )  

a t i s t i c a l  parameters .  A s  w i l l  b e  shown, 

values of A and .U ave ra  over  s e v e r a l  s o i l s  p r e d i c t  q u i t e  

e r e l a t i o n s h i p  f o r  most s o i l s ,  

r e l a t i o m h i p  between Q/Q, and I Eor 

several d i f f e r en t :  s o i l s  r epo r t ed  i n  t h e  l i t e r a t u r e .  Y f w  s o l l d  

curves a r e  f o r  d i f f e r e n t  va lues  of  h/L. It can be s e e n  t h a t  

t h e  curves f o r  h / ~  = 0 an h/L - 1 brackee a l l  t h e  nieasure- 

PIgure 2 shows t h e  same r e l a t i o n s h i p  a s  Figure 1. The 

ashed curve is a p l o t  of Equation 9 ,  u s ing  t h e  average 

= 0,28 and B % 0, ~ b t a i n e d  over  s e v e r a l  s o i l s .  

s can be seen ,  t h i s  s atis t i c a l  equat ion  p r e d i c t s  q u i t e  w e l l  
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t h e  bulk  of t h e  experimental  outflow-.time r e l a t i o n s h i p s .  I n  

t h e  papers more d e t a i l  i s  g iven  f o r  i n d i v i d u a l  s o i l s  and param- 

e  t e r s  . 
One o the r  advantage of an equa t ion  l i k e  Equation 8 is  t h a t  

i f  one measures t h e  outflow-time r e l a t i o n s h i p  f o r  a  column of 

s o i l  and has a s t a t i s t i c a l  curve f i t t i n g  program a v a i l a b l e ,  then  

q and Q can b e  predic ted .  These a r e  important  parameters i n  
0 00 

o the r  a p p l i c a t i o n s .  

SUMMARY : 

An equat ion  has been developed from b a s i c  flow theory t h a t  

p r e d i c t s  very w e l l  most experimental ly  observed drainage-time 

r e l a t i o n s h i p s .  This equat ion  has as i t s  upper l i m i t  Young's 

equat ion ,  which p r e d i c t s  t h e  drainage-time r e l a t i o n s h i p  very  

w e l l  over t h e  f i r s t  60 pe rcen t  of t he  d ra inage ,  I%e lower l i m i t  

of t h i s  equat ion  p r e d i c t s  t h e  shape very  w e l l  of t h e  l a s t  p o r t i o n  

of t h e  dra inage  and can be  used t o  p r e d i c t  t h e  conduct iv i ty  and 

t o t a l  outf low from a  s o i l  c o l u m .  A s t a t i s t i c a l  combination of 

t h e  two l i m i t  equa t ions  p r e d i c t s  t h e  drainage-time r e l a t i o n s h i p  

b e t t e r  than any publ ished equa t ion  known t o  t h e  i n v e s t i g a t o r s .  

There a r e  two s t a t i s t i c a l  parameters  i n  t h i s  s t a t i s t i c a l  equat ion  

which when g iven  average va lues  from s e v e r a l  s o i l s  do a very good 

job of p r e d i c t i n g  t h e  drainage-time r e l a t i o n s h i p .  

REFERENCES : 

1. Youngs, E. G. The dra inage  of l i q u i d s  from porous n a t e r i a l s .  
Jour .  Geophys. Res, 65:4025-4030. 1960. 

PERSONNEL: Herman Bouwer, Frank D. Whisler,  and Ray D. Jackson 

CURRENT TERMINATION DATE: March 1973 
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F i g u r e  2 .  O u t f i ~  r a t i o  v e r s u s  d i m e n s i o n l e s s  f l u x  r a t i o  f o r  s e v e n  s o i l  m a t e r i a l s .  

Tke s ~ ? L t  curves  a r e  the  upper  and lower Limits  o f  Equa t ion  4, and t h e  

&s-:c? ; G ~ V E  is  t h e  r e l a t  ionsk.i> - s red ic ted  bv Eairat ion 9 f o r  A = 0 .28 .  - r;", 2 Annual Report of the U.S. Water Conservation Laboratory



TITLE : WASTE-WATER RENOVA'IIION BY SPREADING TREATED SEWAGE 

FOR GROUND-WATER KECKARGE 

CRIS WORK UNIT: SWC W4 gG1 CODE NO. :  Ariz.-WCL 67-4 

INTRODUCTION : 

The y e a r  of 1969 was t h e  second y e a r  o f  f u l l  s c a l e  o p e r a t i o n  

o f  t h e  F lush ing  Meadows P r o j e c t ,  which i s  an  exper imenta l  f a c i l i t y  

f o r  r e c l a i m i n g  w a t e r  from secondary sewage e f f l u e n t  by ground-water 

r e c h a r g e  w i t h  i n f i l t r a t i o n  b a s i n s .  I n  t h e  f i r s t  h a l f  of t h e  y e a r ,  

t h e  e f f l u e n t  had a  h i g h  suspended s o l i d s  c o n t e n t ,  which made i t  

necessa ry  t o  most ly  u s e  long dryup p e r i o d s  and r e l a t i v e l y  s h o r t  

i n u n d a t i o n  p e r i o d s ,  The e f f l u e n t  c l e a r e d  up i n  June-Ju ly ,  s o  t h a t  

sequences  o f  long i n u n d a t i o n  p e r i o d s  cou ld  be h e l d  i n  t h e  second 

h a l f  o f  t h e  y e a r .  I n  two b a s i n s ,  r i c e  was grown on a  t r i a l  b a s i s .  

Because h o r i z o n t a l  f low through t h e  g r a s s  d i d  n o t  have a  measurable  

e f f e c t  on t h e  q u a l i t y  o f  t h e  e f f l u e n t ,  a l l  b a s i n s  were o p e r a t e d  i n  

p a r a l l e l  f o r  1969. 

A d d i t i o n a l  c o n s t r u c t i o n  i n c l u d e d  a  permanent e f f l u e n t  pond 

and two l i n e d  r e s e r v o i r s  which w i l l  be f i l l e d  w i t h  r e c l a i m e d  w a t e r  

from t h e  E a s t  Well f o r  f i s h  and a l g a e  s t u d i e s .  

The e x c e l l e n t  c o o p e r a t i o n  w i t h  t h e  S a l t  River  P r o j e c t ,  which 

r e c e i v e d  a  g r a n t  from t h e  F e d e r a l  Water P o l l u t i o n  Cont ro l  Adminis- 

t r a t i o n  f o r  p a r r i a l  s u p p o r t  of t h e  p r o j e c t ,  was con t inued  i n  1969. 

The g r a n t  t e r m i n a t e d  a t  t h e  end o f  1969, a t  which t ime t h e  f i n a n -  

c i a l  s u p p o r t  f o r  t h e  two l a b o r a t o r y  t e c h n i c i a n s  was t a k e n  over  by 

t h e  S a l t  R iver  P r o j e c t .  

To f a c i l i t a t e  o r d e r l y  p r e s e n t a t i o n  of t h e  r e s u l t s ,  t h e  proj-ect  

i s  d i v i d e d  i n t o  f i v e  s e c t i o n s :  I. I n f i l t r a t i o n  S t u d i e s ,  11. Water 

Q u a l i t y  S t u d i e s ,  111. Aqui fe r  S t u d i e s ,  I V .  Design o f  Large S c a l e  

Recharge System, and V. Labora to ry  F i l t r a t i o n  S t u d i e s .  A s e c t i o n  

w i t h  summary and c o n c l u s i o n s  i s  l i s t e d  a t  t h e  end o f  t h e  r e p o r t ,  
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I. INFILTRATION STUDIES 

1. Recharge b a s i n  management and i n l i l t r a t i o n  r a t e s  

A p lan  o f  t h e  F lush ing  Meadows P r o j e c t  i s  shown i n  F igure  1. 

New c o n s t r u c t i o n  i n c l u d e d  p e r f o r a t i n g  t h e  E a s t  Well (EW) and t h e  

i n s t a l l a t i o n  of one u n l i n e d  pond and two l i n e d  ponds t o  be s u p p l i e d  

w i t h  w a t e r  from t h e  E a s t  Well, which y i e l d s  rec la imed  sewage wate r .  

The u n l i n e d  pond w i l l  be used t o  e v a l u a t e  how "aging" a f f e c t s  

seepage i n  a n  u n l i n e d  r e s e r v o i r .  The l i n e d  ponds, which have a  
- 

f i b e r g l a s - a s p h a l t  l i n i n g ,  w i l l  be used t o  s t u d y  a l g a e  and f i s h  

growth i n  ponds w i t h  rec la imed  sewage w a t e r .  Another new con- 

s t r u c t i o n  i s  t h e  "permanentf1 e f f l u e n t  pond which i s  l o c a t e d  near  

t h e  e f f l u e n t  pump. Th is  pond w i l l  be k e p t  under con t inuous  inunda- 

t i o n  w i t h  secondary e f f l u e n t  t o  e v a l u a t e  i n f i l t r a t i o n  behav ior  w i t h  

no dryup p e r i o d s .  

At t h e  beg inn ing  o f  1969, b a s i n  1 was i n  b a r e  s o i l  c o n d i t i o n ,  

b a s i n  2 had t h e  g r a v e l  l a y e r  ( 2  i n c h e s  o f  c o a r s e  sand topped by 

4 i n c h e s  o f  3/8 i n c h  g r a v e l ) ,  and b a s i n s  3, 4, 5, and 6  had t h e  

dead bermudagrass l e f t  from t h e  1968 growing s e a s o n ,  

The secondary e f f l u e n t  from t h e  9 1 s t  Avenue sewage t r e a t m e n t  

p l a n t  was g e n e r a l l y  poor i n  q u a l i t y  from January  u n t i l  J u l y .  It 

had a  h i g h  suspended s o l i d s  c o n t e n t  which gave i t  a  b l a c k  appear-  

ance and Secch i  d i s k  r e a d i n g s  o f  on ly  a  few i n c h e s .  The COD o f  t h e  

e f f l u e n t  a f t e r  l e t t i n g  i t  s e t t l e  f o r  a  few days was i n  t h e  60 ppm 

r a n g e ,  I n  J u l y ,  t h e  q u a l i t y  of t h e  e f f l u e n t  improved c o n s i d e r a b l y  

and a  c l e a r  e f f l u e n t  p r e v a i l e d  f o r  t h e  r e s t  of t h e  y e a r ,  The COD 

d u r i n g  t h e  second h a l f  o f  t h e  y e a r  was i n  t h e  4 0  ppm range .  

The high suspended s o l i d s  c o n t e n t  i n  t h e  beg inn ing  o f  t h e  y e a r  

caused a  l a y e r  of s l u d g e  t o  accumulate i n  t h e  b a s i n s .  For t h e  

v e g e t a t e d  b a s i n s ,  t h i s  s l u d g e  b l a n k e t  formed on t o p  of t h e  dead- 

g r a s s  cover .  Because o f  t h i s ,  t h e  i n f i l t r a t i o n  r a t e s  were r e l a -  

t i v e l y  low, even when t h e  w a t e r  d e p t h  was 13 i n c h e s  (open c i r c l e s  

i n  F i g u r e  2 ) .  The i n c r e a s e  i n  i n f i l t r a t i o n  r a t e  due t o  i n c r e a s i n g  
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t h e  w a t e r  d e p t h  from 7 t o  1 3  inches  on 15 January  exceeded the 

i n c r e a s e  a t t r i b u t a b l e  t o  t h e  i n c r e a s e  i n  d e p t h  and wid th  i n  t h e  

b a s i n s .  Th i s  i s  because  t h e  p o r t i o n  of t h e  banks inunda ted  a f t c r  

t h e  d e p t h  i n c r e a s e  was n o t  covered by sediment ,  and i t  had t h e r e -  

f o r e  a  h i g h e r  i n f i l t r a t i o n  r a t e  t h a n  t h e  bottom of t h e  r e c h a r g e  

b a s i n s .  Two weeks d r y i n g  a t  t h e  end of January  d i d  n o t  r e s t o r e  

t h e  i n f i l t r a t i o n  r a t e s ,  b u t  a f t e r  a  2-week dryup a t  t h e  end of 

February t h e  i n f i l t r a t i o n  r a t e s  were s i g n i f i c a n t l y  i n c r e a s e d ,  

J u s t  b e f o r e  t h e  i n u n d a t i o n  p e r i o d  s t a r t i n g  3  March, b a s i n s  3, 4, 5, 

and 6 were burned. Only t h e  t o p  l a y e r  of t h e  mat o f  dead bermuda- 

g r a s s ,  which was about  4  i n c h e s  t h i c k ,  was d r y  enough t o  burn 

e f f e c t i v e l y .  The i n u n d a t i o n  p e r i o d  3-17 March s t a r t e d  w i t h  f a i r l y  

h i g h  i n f i l t r a t i o n  r a t e s  f o r  t h e  v e g e t a t e d  b a s i n s ,  b u t  because  o f  

t h e  h i g h  suspended s o l i d s  c o n t e n t  i n  t h e  e f f l u e n t  t h e  i n f i l t r a t i o n  

r a t e s  d e c l i n e d  r a p i d l y .  

I n  t h e  l a s t  week o f  t h e  dryup p e r i o d  22 March - 6 A p r i l ,  b a s i n  

1 was swept w i t h  a  power lawnsweeper, which removed most of t h e  

d r i e d  s l u d g e  f l a k e s ,  and then  harrowed w i t h  a  s p i k e - t o o t h  harrow. 

Basin 2  was l e f t  unchanged because  t h e  s l u d g e  f l a k e s  p u l v e r i z e d  

and r a k i n g  o r  sweeping t h e  g r a v e l  s u r f a c e  was n o t  e f f e c t i v e .  

Basins 3 ,  4, 5, and 6 were burned s e v e r a l  t imes  and harrowed i n  

between burn ings  t o  l o o s e n  up t h e  mat o f  dead g r a s s .  Th i s  procedure  

was f a i r l y  e f f e c t i v e  and when t h e  nex t  i n u n d a t i o n  p e r i o d  s t a r t e d  on 

7 A p r i l ,  t h e s e  b a s i n s  were  e s s e n t i a l l y  i n  b a r e  s o i l  c o n d i t i o n .  The 

i n u n d a t i o n  p e r i o d  7-9 A p r i l  y i e l d e d  h igh  i n f i l t r a t i o n  r a t e s  (2 t o  

3 f t l d a y )  f o r  b a s i n s  3, 4,  5  and 6. The b a r e  s o i l  b a s i n  1 had a 

r a t e  of 1.5 f t / d a y  and t h e  g r a v e l  b a s i n  2  had t h e  lowest  

i n f i l t r a t i o n ,  1 f t l d a y  , 

On 14 A p r i l ,  b a s i n  6 was harrowed and seeded w i t h  r i c e  ( v a r i e t y  

c a l o r o )  us ing  a  hand-operated,  b r o a d c a s t i n g  s e e d e r .  A f t e r  seed ing ,  

t h e  b a s i n  was dragged w i t h  a  c h a i n  and harrowed. A l l  b a s i n s  were 

t h e n  inunda ted  f o r  two days (14-16 A p r i l ) ,  employing a w a t e r  dep th  
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o f  7 i l ~ c h c s .  

On 21 Apri l . ,  b a s i n s  1, 3,  4 and 5 were  hal-rowr:cl aj;ail, arltl 

basi l1 5 was secded  w i t h  r i c e .  For t h c  next  fc?w ntonths (ui1t. i  1 

J u l y ) ,  t h e  i n u n d a t i o n  p e r i o d s  f o r  b a s i n s  5 and 6 were ::short arld 

f r e q u e n t  ( s e e  F i g u r e  2 )  f o r  g e r m i n a t i o n  and growth o f  t11c r i c e .  

When t h e  r i c e  had grown s u f f i c i e n t l y  s o  t h a t  i t  was w e l l  above t h e  

w a t e r ,  l o n g e r  i n u n d a t i o n  p e r i o d s  were used ( J u l y ,  August, and 

September).  Unusual ly  c o l d  wea the r  i n  A p r i l  and May del-ayed t h e  

growth of  t h e  r i c e ,  b u t  e x c e l l e n t  growth was o b t a i n e d  t h e r e a f t e r  

t o  g i v e  a  dense,  t a l l  v e g e t a t i o n  f o r  t h e  summer and f a l l  p e r i o d s .  

I n  t h e  middle  o f  June,  t h e  r i c e  was about  l f t  t a l l ,  i n  Ju ly  i t  

had reached  a  h e i g h t  of  3 f t .  

Because o f  t h e  c o n t i n u e d  b l a c k  appearance and h i g h  suspended 

s o l i d s  c o n t e n t  o f  t h e  secondary e f f l u e n t ,  s h o r t  i n u n d a t i o n  p e r i o d s  

were  a l s o  m a i n t a i n e d  i n  t h e  o t h e r  b a s i n s  f o r  t h e  A p r i l - J u l y  p e r i o d .  

At t h e  s t a r t  of  t h e  i n u n d a t i o n  pe r iod ,  i n f i l t r a t i o n  r a t e s  were 

r e l a t i v e l y  h igh,  b u t  t h e n  they  d e c l i n e d  r a p i d l y  because  o f  t h e  

b u i l d u p  o f  a  sediment  l a y e r  on t h e  bottom of t h e  b a s i n s  (see ,  f o r  

example, t h e  i n f i l t r a t i o n  r a t e s  i n  t h e  f i r s t  h a l f  o f  J u n e ) .  For 

May and June,  t h e  i n f i l t r a t i o n  r a t e s  were g e n e r a l l y  c l o s e  t o  

I f t / d a y ,  e x c e p t  f o r  b a s i n  4, which sometimes reached 2  f  t /day  a t  

t h e  s t a r t  o f  t h e  p e r i o d .  The g i a n t  bermudagrass i n  b a s i n s  3 and 4 

made a  v e r y  slow comeback. The Tifway had comple te ly  d i e d  and 

t h e r e  were on ly  s p o r a d i c  t u f t s  of  g i a n t  bermudagrass (one t u f t  for  
2 

eve ry  2 o r  3 yd ).  During t h e  f r e q u e n t  s h o r t  i n u n d a t i o n s  i n  May 

and June,  however, t h e  bermudagrass s p r e a d  r a p i d l y  e s p e c i a l l y  from 

t h e  banks.  Also, " n a t i v e "  g r a s s e s ,  mainly Hexican s p r a n g l e  t o p  

(Leptochloa  uninervi .a)  and ba rnyard  g r a s s  (Echenochloa c r u s g a l l  i ) 

came i n  and e x h i b i t e d  a  l u x u r i o u s  growth,  p a r t i c u l a r l y  i n  b a s i n  1. 

A t h i r d  g r a s s ,  p robab ly  b l u e  panicum, a l s o  v o l u n t e e r e d  i n  b a s i n s  I ,  

3 and 4 .  Blue panicum was seeded i n  1908 i n  a  few s t r i p s  a c r o s s  

s e v e r a l  b a s i n s  and may have reseeded  i t s e l f .  Thus, t h c  condi r i , ) n  
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of  t h e  bas in s  , f o r  the summer and f a l l  of 1969 was a s  fol lows : 

Basin I, dense s tand  of sprangle  top, barnyard g r a s s  and b lue  

panicum 

Basin 2, g r ave l  l a y e r  

Basins 3  and 4, g i a n t  bermudagrass w i t h  sprangle  t o p  and 

barnyard g r a s s  and some b lue  panicum 

Basins 5 and 6, r i c e  w i t h  g i a n t  bermuda and some sprangle  top, 

barnyard g r a s s  and b lue  panicum 

Because of the  accumulation of s ludge,  bas ins  1, 2, 3  and 4 

were sub jec t ed  t o  a  2-wk dryup per iod i n  t he  second ha l f  of June. 

This was e f f e c t i v e  i n  r e s t o r i n g  i n f i l t r a t i o n  r a t e s  and a l s o  a t  

t h i s  time the  e f f l u e n t  improved i n  q u a l i t y ,  Because of  t h i s ,  

"normal" i n f i l t r a t i o n  r a t e s  were aga in  ob ta ined .  I n  t he  r i c e  bas ins ,  

s h o r t e r  dryup per iods  were used than i n  t he  o the r  bas in s  f o r  t he  

summer months. 

On 9 August, a pump f a i l u r e  occurred s o  t h a t  t h e  r i c e  was dry 

f o r  almost 6 days. This happened during a  very ho t  per iod  and i t  

caused v i s i b l e  damage t o  t he  r i c e ,  Although t h e  r i c e  seemed t o  

recover  f u l l y ,  not  much g r a i n  was formed and a l s o  because of 

lodging l a t e r  on, no at tempt  was made t o  ha rves t  the  g r a i n .  

A sequence of long inundat ion  and dryup per iods  was s t a r t e d  i n  

August, w i t h  t he  r i c e  bas in s  r ece iv ing  "extra"  inundat ions  during 

the  dryup per iod u n t i l  15 October. On 20 November, t h e  vege t a t i on  

i n  bas in s  1, 3,  and 6 was mowed, baled, and removed. Basins 4 and 

5 were no t  mowed, s o  t h a t  t h e  e f f e c t  of mowing on i n f i l t r a t i o n  

dur ing  the  w in t e r  and sp r ing  seasons could be eva lua ted .  Thus, the 

cond i t i on  of t h e  bas in s  a t  t h e  s t a r t  of t h e  w in t e r  was a s  fo l lows:  

Basin 1, s tubb le  of sp rang le  t op  and barnyard g r a s s  

Basin 2, g r a v e l  l a y e r  

Basin 3, s t u b b l e  of bermudagrass 

Basin 4, dead bermudagrass (about a  4 - inch  t h a t c h  l a y e r )  
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Basin 5, dead r i c e  s t raw (forming a  2-3 inch  th i ck  l a y e r )  

Basin 6, r i c e  s tubb le  

The i n f i l t r a t i o n  r a t e s  i n  Figure 2  show t h a t ,  genera l ly ,  s h o r t  

dryup periods a r e  not  e f f e c t i v e  i n  r e s t o r i n g  i n f i l t r a t i o n  r a t e s .  

In  the  summer, dryup periods should be a t  l e a s t  a  week, and i n  the  

win ter ,  2  wks, i f  a  s i g n i f i c a n t  r e s t o r a t i o n  of the  i n f i l t r a t i o n  

r a t e  i s  t o  be obtained.  

Because of t h e  s h o r t  dryup periods,  t he  i n f i l t r a t i o n  r a t e s  i n  

t h e  r i c e  bas ins  5 and 6  from A p r i l  t o  October were about 1 f t /day .  

Since these  bas ins  were inundated f o r  a  r e l a t i v e l y  high percentage 

of time, however, t h e  accumulated i n f i l t r a t i o n  f o r  t h e  r i c e  bas ins  

w a s  s t i l l  apprec iab le .  Figure 3  shows t h a t  t he  r i c e  bas in  5  

y i e lded  the  h ighes t  accumulated i n f i l t r a t i o n  r a t e  f o r  t he  yea r .  

Most of t he  r educ t ion  i n  i n f i l t r a t i o n  r a t e  during inundat ion 

was caused by clogging of t he  su r f ace  l aye r  of t h e  s o i l .  This i s  

evidenced by the  change i n  i n f i l t r a t i o n  r a t e  due t o  i nc reas ing  the  

water  depth i n  t h e  bas ins  from 7  t o  13 inches,  a s  was done on 

15 January, and reducing i t  from 13 t o  7 inches a s  w a s  done on 

4 December (Figure 2 ) .  On 4 December, f o r  example, t h e  i n f i l t r a -  

t i o n  r a t e  was reduced by an average f a c t o r  of 0.57 (Table I ) .  

Assuming t h a t  t he  r educ t ion  i n  water  depth caused the  wid th  of t h e  

water  su r f ace  i n  t h e  bas ins  t o  change from 20 f t  t o  18 f t ,  t he  
18 7  r educ t ion  i n  i n f i l t r a t i o n  r a t e  should be by a  f a c t o r  of - x - = 
20 13 

0.485 i f  su r f ace  clogging occurred. I f  the  f i n e  sandy top  layer ,  

which averages about 3  f t  i n  depth f o r  t h e  bas ins ,  would have 

clogged a s  a  whole, t h e  i n f i l t r a t i o n  reduct ion  f a c t o r  would have 

been - x 36 = 0.79. Since the  a c t u a l  r educ t ion  f a c t o r  i s  - 
20 36 - i -13  

below 0.6 f o r  most of t h e  bas ins  (Table 1 )  i t  i s  concluded t h a t  

most c logging took p lace  near  the  su r f ace  of t h e  s o i l .  

As regards  clogging i n  the g rave l  basin,  the  water  depths i n  

t h i s  bas in  r e f e r  t o  t h e  s u r f a c e  of t h e  o r i g i n a l  s o i l  ma te r i a l .  
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S i n c e  tile combined sand and g r a v e l  l a y e r  i s  6 inches  t h i c k ,  t h e  

a c t u a l  w a t e r  d e p t h  above t h e  g r a v e l  i s  about  1 i n c h  f o r  tlle 7- i r lc l~  

dep th ,  and 7 inches  f o r  t h e  13- inch  dep th .  I f  c logg ing  i n  this 

b a s i n  were due t o  t h e  growth o f  a l g a e  on t o p  o f  t h e  g r a v e l  l a y e r ,  

t h e  i n f i l t r a t i o n  r a t e  would have been reduced seven- fo ld  by 

d e c r e a s i n g  t h e  w a t e r  d e p t h  above t h e  o r i g i n a l  s o i l  from 13 t o  7 

i n c h e s .  The a c t u a l  r e d u c t i o n  was a lmost  two-fold (Table l ) ,  

i n d i c a t i n g  t h a t  s o i l  c logg ing  i n  b a s i n  2  a l s o  occur red  near  t h e  

s u r f a c e  o f  t h e  o r i g i n a l  s o i l ,  and probably  a t  t h e  s o i l - g r a v e l  

i n t e r f a c e .  

When t h e  b a s i n s  were a l l  i n  b a r e  s o i l  c o n d i t i o n  (from September 

1967 t o  A p r i l  1968), r a i n  a t  t h e  end o f  a  dryup p e r i o d  caused t h e  

i n f i l t r a t i o n  r a t e  f o r  t h e  ensu ing  i n u n d a t i o n  p e r i o d  t o  be s i g n i -  

f i c a n t l y  reduced ( s e e  Annual Repor t s  1967 and 1968).  On 15 Septem- 

b e r  1969, however, t h e  b a s i n s  were covered by a  dense  v e g e t a t i o n ,  

and 0.6 i n c h e s  r a i n  f e l l  j u s t  b e f o r e  t h e  s t a r t  o f  a new i n u n d a t i o n  

p e r i o d  (Figure  2 ) .  As shown i n  F igure  2, t h i s  r a i n  had l i t t l e  o r  

no e f f e c t  on t h e  i n f i l t r a t i o n  r a t e .  Thus, r e d u c t i o n s  i n  i n f i l t r a -  

t i o n  r a t e  due t o  r a i n  when t h e  b a s i n s  were i n  b a r e  s o i l  c o n d i t i o n  

must be a t t r i b u t e d  t o  t h e  mechanical  impact of t h e  r a i n  on t h e  

s o i l  s u r f a c e  ( t r a n s l o c a t i o n  o f  f i n e  p a r t i c l e s  and s e a l i n g ) .  

Accumulated i n f i l t r a t i o n  amounts f o r  e a c h  b a s i n  i n  t h e  y e a r  

1969 a r e  shown i n  F i g u r e  3 .  The average  y e a r l y  i n f i l t r a t i o n  

amount f o r  a l l  b a s i n s  was 227 f t ,  which i s  h i g h e r  t h a n  t h e  161  ft 

o b t a i n e d  i n  1968. I n  1967, a  t o t a l  i n f i l t r a t i o n  of 73 f t  was 

ob ta ined ,  fo l lowing  t h e  s ta r t  o f  t h e  p r o j e c t  on 20 September 1967. 

Thus, as of  31 December 1969, t h e  average  accumulated i n f i l t r a t i o n  

f o r  a l l  s i x  b a s i n s  was 461  f t .  

The s l o p e  of t h e  c u r v e s  i n  F i g u r e  3 i n d i c a t e s  t h a t  t h e  r a t e  o f  

r e c h a r g e  i n  t h e  second h a l f  o f  t h e  y e a r  was much h i g h e r  than i n  

t h e  f i r s t  h a l f .  Th i s  i s  undoubtedly  due t o  t h e  improvement o f  

t h e  e f f l u e n t  q u a l i t y  i n  J u l y ,  Of t h e  t o t a l  of  227  E t  i n f i l t r a t r d  
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i n  1969, 160 f t  i n f i l t r a t e d  i n  t h e  second h a l f  of t tw  y e a r .  Thus, 

f o r  a  good e f f l u e n t  q u a l i t y  w i t h  l i t t l e  suspended m a t e r i a l  and 

u s i n g  long i n u n d a t i o n  and d ryup  p e r i o d s ,  an annual  r e c h a r g e  r a t e  

o f  300 f t  shou ld  w e l l  be a t t a i n a b l e .  

F i g u r e  3 shows t h a t  t h e  r i c e  b a s i n  5 gave t h e  h i g h e s t  i n l i l -  

t r a t i o n  r a t e ,  fo l lowed c l o s e l y  by g r a s s  b a s i n  4 .  Grass  b a s i n s  1 

and 3 were v e r y  c l o s e ,  r i c e  b a s i n  6  was t h e  lowes t  of t h e  v e g e t a t e d  

b a s i n s ,  and t h e  g r a v e l  b a s i n  2 was t h e  lowest  o f  a l l  b a s i n s .  I n  

e v a l u a t i n g  t h e  e f f e c t  of s u r f a c e  c o n d i t i o n  and b a s i n  management 

on i n f i l t r a t i o n ,  t h e  " n a t u r a l "  i n f i l t r a t i o n  c a p a b i l i t y  of t h e  b a s i n s  

due t o  s o i l  v a r i a b i l i t y  shou ld  be t a k e n  i n t o  account .  Th i s  capa- 

b i l i t y  i s  probably  b e s t  r e f l e c t e d  by t h e  i n f i l t r a t i o n  r a t e s  when 

t h e  b a s i n s  were f looded  f o r  t h e  f i r s t  t ime  and hence s t i l l  f r e e  

from sediment  and e f f e c t s  from b i o l o g i c a l  p r o c e s s e s .  The f i r s t  

i n u n d a t i o n  p e r i o d  was from 21 t o  26 September 1967, a t  which t i m e  

t h e  e f f l u e n t  was v e r y  c l e a r  and t h e  i n f i l t r a t i o n  r a t e s  remained 

f a i r l y  c o n s t a n t .  L i s t i n g  t h e  b a s i n s  i n  o r d e r  o f  d e c r e a s i n g  i n f i l -  

t r a t i o n  r a t e s ,  t h e  fo l lowing  r a t e s  were observed f o r  t h a t  p e r i o d :  

Bas i n  I n f i l t r a t i o n  r a t e  i n  f t / d a y  

2  4.0 

5 3.9 

4 3.6 

I> 3 3.2 

6  3 .1  

The curves  i n  F i g u r e  3  show t h a t  t h i s  o r d e r  was e s s e n t i a l l y  

main ta ined  i n  1969, w i t h  t h e  e x c e p t i o n  of t h e  g r a v e l  bas in ,  which 

moved from t h e  t o p  t o  t h e  bottom of  t h e  l i s t .  Hence, t h e  g r a v e l  

l a y e r  has an  u n f a v o r a b l e  e f f e c t  on t h e  i n f i l t r a t i o n  r a t e ,  probably  

because t h e  g r a v e l  a c t s  a s  a  mulch and p r e v e n t s  d ry ing  o f  t h e  

s u r f a c e  o f  t h e  u n d e r l y i n g  s o i l  where most o f  t h e  c logg ing  occurs .  
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2. Ef fec t  of su r f ace  condi t ion  on wet t ing  and drying of s o i l  

p r o f i l e .  

The (negat ive)  pressure  head and content  of water i n  the s o i l  

beneath the  recharge bas ins  were again measured occas iona l ly  w i th  

tensiometers  and neutron probes i n  bas ins  1, 2, 5  and 6 .  Pressure 

heads and water  conten ts  during drainage were measured i n  bas in  2 

from 30 September t o  15 October and i n  bas in  6 from 10 October t o  

15 October. On 15 October a l l  t he  bas ins  were flooded and remained 

inundated u n t i l  a f t e r  29 October. The pressure-head p r o f i l e s  f o r  

t hese  bas ins  on 15 October be fo re  f looding and 1 7  October a f t e r  

t he  s t a r t  of an inundat ion period a r e  shown i n  Figure 4 ,  The 

pressure  heads i n  bas in  2 changed l i t t l e ,  i n d i c a t i n g  t h a t  l i t t l e  

drainage had taken p lace  during the dryup period.  Basin 6 had 

drained t o  a  much lower water  content ,  a s  evidenced by the inc rease  

i n  pressure  due t o  wet t ing .  The water  conten t  p r o f i l e  f o r  bas in  6 

on 15 October before  f looding  and on 22 and 29 October i n  t he  

inundat ion period a r e  shown i n  Figure 5. This f i g u r e  shows t h a t  

t h e  s o i l  moisture content  i n  bas ins  2 and 6 both increased  a f t e r  

wet t ing .  Thus, t h e r e  i s  a  discrepancy between t h e  pressure  head 

and water  conten t  behavior of bas in  2,  Perhaps t h i s  i s  caused by 

slow o r  plugged tens iometers .  Figure 6 shows the  water  pressures  

i n  t he  s o i l  p r o f i l e  f o r  bas ins  2 and 6 f o r  1 7  and 29 October. They 

i n d i c a t e  t h a t  during inundat ion  l i t t l e  a d d i t i o n a l  s o i l  clogging 

took place, except  b a s i n  2 which might have had some clogging 

above the 10 cm tensiometer .  
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11, WATER QUALITY STUDIES 

1. Sampling, o b s e r v a t i o n  w e l l s ,  and a n a l y t i c a l  t echn iques  

A s imple ,  d i p s t i c k  t y p e  sampler  was c o n s t r u c t e d  t o  o b t a i n  

con t inuous  samples o f  t h e  secondary e f f l u e n t  (Figure  7) .  The d i p -  

s t i c k  c o n s i s t s  o f  %-inch m e t a l  tub ing .  The t u b i n g  i s  c l o s e d  a t  t h e  

d i p p i n g  end and abou t  1 i n c h  from t h i s  end a  h o l e  i s  c u t  through 

which e f f l u e n t  can e n t e r .  A wheel, d r i v e n  by an e l e c t r i c  motor, 

lowers  t h e  d i p s t i c k  i n t o  t h e  f l u i d  t o  be sampled, a f t e r  which t h e  

s t i c k  i s  r a i s e d  s o  t h a t  i t  empt ies  a t  t h e  o t h e r  end i n t o  a  b o t t l e ,  

The d e v i c e  c o l l e c t s  about  4  m l  of  e f f l u e n t  every  2 minu tes .  Over 

a  24-hour pe r iod ,  abou t  3 l i t e r s  o f  e f f l u e n t  (about  3 / 4  g a l )  a r e  

o b t a i n e d ,  The d i p s t i c k  i s  equipped w i t h  a n o t h e r  ho le  c l o s e r  t o  t h e  

end which i s  normal ly  t aped  b u t  open f o r  weekend sampling,  s o  t h a t  

a  s m a l l e r  sample i s  c o l l e c t e d  and t h e  sampler can r u n  th rough  t h e  

72-hr weekend p e r i o d .  The volume c o l l e c t e d  i n  t h a t  t ime  i s  about 

5 l i t e r s .  The sampler  was p laced  a t  t h e  headbox of t h e  in f low 

flume of one o f  t h e  b a s i n s .  Samples of t h e  e f f l u e n t  were t a k e n  

whenever i n u n d a t i o n  p e r i o d s  were  he ld .  Each sample was analyzed 

f o r  NH4, NOg, and COD. P  and F were determined monthly, and B 

bimonthly.  P e r i o d i c a l l y ,  K j  e l d a h l  N, pH, and s a l t  c o n t e n t  were 

determined.  S i n c e  t h e  e f f l u e n t  from t h e  sewage t r e a t m e n t  p l a n t  i s  

t h e  i n f l u e n t  f o r  t h e  F l u s h i n g  Meadows P r o j e c t ,  t h e  terms e f f l u e n t  

and i n f l u e n t  a r e  used i n t e r c h a n g e a b l y  i n  t h i s  r e p o r t ,  

The E a s t  Well (EN, F i g u r e  I ) ,  which was 250 f t  deep and 

comple te ly  cased,  was s e a l e d  a t  t h e  bottom w i t h  a  c o n c r e t e  p lug  

and p e r f o r a t e d  from 1 0  t o  30  f t  d e p t h  t o  pump rec la imed  sewage 

w a t e r .  A submers ib le  pump was i n s t a l l e d  i n  t h e  f a l l  o f  1969 and- 

t h e  flow from t h i s  w e l l  w i l l  be  used f o r  t h e  s t u d y  o f  growth of 

a l g a e  and f i s h  i n  t h e  two l i n e d  ponds, 

Well 5-6, which had a  v e r y  slow response  s i n c e  i t s  i n s t a l l a t i o n ,  

was "opened up" a t  t h e  bottom by d r i v i n g  i n  a rod  and working i t  
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around. Loosc. mater ia l  was then b a i l e d  ou t  w i t h  a  held b a i l e r .  

T h i s  ope ra t i on ,  which w 2 s  done i n  October, increased  :he response 

o r  cne W C L ~  cons lderab iy  and enabled b e t t e r  sampling. A summary 

of  t h e  w e l l s  a t  t he  Flushing Meadows p r o j e c t  and t h e  depth  from 

which ground water  i s  obtained i s  shown i n  Table 2, The 91s t  

Avenue w e l l  i s  an i r r i g a t i o n  we l l  l oca t ed  about 1% miles  e a s t  o f  

the  Flushing Meadows P ro j ec t .  Wells 8  and 91s t  Avenue y i e lded  

n a t i v e  ground water,  t he  WCW y i e lded  n a t i v e  ground water  f o r  the  

f i r s t  h a l f  of t h e  y e a r  (see 11.8 Dissolved s a l t s ) ,  and the o the r  

w e l l s  y i e lded  reclaimed sewage water .  

Wells 1-2, ECW, and 5-6 were sampled almost d a i l y  f o r  NH and 
4  

NO a n a l y s i s .  COD was determined weekly, P and F  monthly, and B 
3  

bimonthly. BOD was determined about once every 2 months f o r  ECW 
5  

water .  Coliform and f e c a l  s t r e p t o c c u s  d e n s i t i e s  were determined 

weekly f o r  ECW and w e l l  7. Samples from w e l l s  1, 7, 8, WCW, and 

91s t  Avenue were taken monthly f o r  de te rmina t ion  of COD, NH4, NO3, 

P, F, B, TDS, and pH. The a n a l y t i c a l  methods were t he  same a s  

r epo r t ed  l a s t  year ,  and dichromate technique f o r  COD, d i s t i l l a t i o n  

f o r  NH bruc ine  f o r  NO Murphey & Riley  method f o r  P, curcumin 
4  ' 3' 

f o r  B, SPADN f o r  F, and mu l t i p l e  tube fe rmenta t ion  techniques f o r  

t h e  co l i form and f e c a l  s t rep tococcus  counts .  

2. Chemical oxygen demand 

COD of i n f l u e n t  and reclaimed water  from ECW, w e l l  1 -2 ,  and 

5-6, a r e  shown i n  F igure  8.  For t h e  f i r s t  f i v e  months, t he  COD 

of  t he  i n f l u e n t  was i n  the  50 t o  70 ppm range and f o r  the l a s t  

s i x  months i n  t he  40-50 ppm range. This drop i n  COD p a r a l l e l e d -  

an improvement i n  t h e  appearance of t h e  e f f l u e n t ,  which was b lack  

and d i r t y  i n  the  f i r s t  h a l f  of t h e  yea r  and c l e a r  i n  t h e  second 

h a l f .  COD of  t he  reclaimed water  was g e n e r a l l y  i n  t he  10 t o  20 

ppm range.  Comparing t h e  3 wel l s  i n  Figure 8 shows t h a t  we l l  1-2 

y i e lded  a  s l i g h t l y  h igher  COD and w e l l  5-6 a  s l i g h t l y  lower COD 

than ECW. This  may be due t o  t he  f a c t  t h a t  w e l l  1-2 i s  20 f t  
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deep compared t o  the 30 - f t  depth of the ECW and t h a t  wel l  5-6 i s  

i n  f i n e r  s o i l  ma te r i a l .  

COD va lues  of the reclaimed water  from we l l s  1, 7, and the 

East Nel l  were gene ra l ly  i n  t he  10 t o  20 pprn range (Table 3 ) )  the  

COD of t he  n a t i v e  ground water  (wel l  8, WCW, and 9 l s t  Avenue we l l )  

was i n  the  10 t o  30 pprn range.  

3 .  Biochemical oxygen demand 

BOD of ECW did  not  exceed 2 pprn and was l e s s  than  0.5 pprn f o r  
5  

t h e  summer months, The s l i g h t l y  higher  BOD i n  the sp r ing  and f a l l  

may have been caused by the  decaying vege ta t ion  in the  basins ,  which 

could have added so lub le  carbon t o  t he  i n f l u e n t .  The BOD analyses  

were performed by the  labora tory  of the  91s t  Avenue Phoenix sewage 

t reatment  p l an t  and t h e  cooperat ion received i s  g r a t e f u l l y  

acknowledged. 

4.  Nitrogen 

The t o t a l  n i t rogen  content  of the i n f l u e n t ,  obtained by adding 

organic  N (which runs about 1 ppm) t o  NH -N, i s  shown i n  Figure 9, 
4  

along wi th  the  NH -N and NO -N i n  t h e  water  from ECW. In the  f i r s t  4 3  
h a l f  of t he  year ,  i n f l u e n t  N was mostly i n  t he  30-35 pprn range, i n  

the  second ha l f  i t  was more i n  the  20-30 pprn range. 

As i n  1968, t he  NO -N i n  the  reclaimed water  from ECW depended 
3  

on the  l eng th  of t he  inundat ion period wi th  long periods (about 

2 wks) y i e l d i n g  low NO3-N concent ra t ions  and s h o r t  per iods (2-4 

days) y i e l d i n g  high NO -N concent ra t ions .  Again a  peak i n  NO -N 3  3 
was observed 5  t o  11 days a f t e r  the  s t a r t  of a  long inundat ion 

period, because of t he  a r r i v a l  of n i t r i f i e d  e f f l u e n t  held a s  - 

c a p i l l a r y  water  during the  preceding dryup period (see a l s o  s e c t i o n  

111.3.). The low NO -N concent ra t ion  a f t e r  burning g ra s s  i n  bas ins  
3  

3, 4, 5, and 6  on 3  March were s l i g h t l y  higher  than those i n  January 

and February when the  f u l l  mass of dead bermudagrass was s t i l l  

p resent .  1n the f a l l  months, f u l l  vege ta t ion  had aga in  developed 

and low NO -N concent ra t ions  of e s s e n t i a l l y  0  were reached. 
3  
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The NH -N c o n c e n t r a t i o n  i n  ECW w a t e r  i n c r e a s e d  g r a d u a l l y  from 
4  

4 t o  12 ppm d u r i n g  t h e  f i r s t  h a l f  of t h e  y e a r  and then decreased  

g r a d u a l l y  a f t e r  J u l y  t o  r e a c h  t h e  4-5 ppm range a g a i n  i n  November. 

Th i s  i s  an i n t e r e s t i n g  t r e n d  and s e v e r a l  s p e c u l a t i o n s  a s  t o  t h e  

causes  can be made, f o r  example, temporary d e a c t i v a t i o n  of n i t r i f y -  

i n g  b a c t e r i a  due t o  a n t a g o n i s t i c  o r  o t h e r  e f f e c t s ,  h i g h e r  COD and 

N c o n c e n t r a t i o n s  i n  t h e  i n f l u e n t  f o r  t h e  f i r s t  h a l f  of t h e  year ,  

r e l e a s e  of s t o r e d  NH i n  t h e  s o i l ,  e t c .  Because of t h e  h igh  NH -N 
4  4  

c o n c e n t r a t i o n s  i n  t h e  p e r i o d  o f  s h o r t ,  f r e q u e n t  i n u n d a t i o n s  (May- 

August) ,  t h e  NO -N c o n c e n t r a t i o n s  i n  t h a t  t ime were n o t  a s  h i g h  a s  
3  

d u r i n g  p rev ious  c y c l e s  o f  s h o r t  i n u n d a t i o n  p e r i o d s  when a lmost  a l l  

t h e  i n f l u e n t  N was conver ted  t o  NO -N ( see  Annual Report  1968).  
3  

However, NH -N + NO -N were about  e q u a l  t o  t h e  i n f l u e n t  N d u r i n g  
4  3  

t h e  May-August p e r i o d  o f  1969. It i s  a l s o  i n t e r e s t i n g  t o  n o t e  

t h a t  as NH -N i n  ECW g r a d u a l l y  i n c r e a s e d  d u r i n g  May-July, t h e  
4  

NO -N i n  ECW p a r a l l e l e d  t h e  d e c r e a s e  i n  i n f l u e n t  N d u r i n g  t h a t  
3  

p e r i o d  . 
Figure  9  shows t h a t  a f t e r  t h e  appearance o f  t h e  NO -peaks, 

3  
t o t a l  N-concen t ra t ions  o f  5-6 ppm p r e v a i l e d  i n  t h e  rec la imed  w a t e r  

o f  ECW d u r i n g  t h e  f a l l  p e r i o d ,  S i n c e  t h e  i n f l u e n t  N was about  26 

ppm, a  n i t r o g e n  removal o f  abou t  80 p e r c e n t  was accomplished,  The 

rec la imed  w a t e r  w i t h  t h e  NO3- peaks cou ld  be used f o r  i r r i g a t i o n  

where a  h i g h  N-content i s  d e s i r a b l e .  Also, t h i s  w a t e r  could  be 

d e n i t r i f i e d  by r e c y c l i n g  o r  by adding methanol i n  a n a e r o b i c  lagoons 

o r  d e n i t r i f y i n g  s t a c k s .  From an a i r  p o l l u t i o n  s t a n d p o i n t ,  

d e n i t r i f i c a t i o n  i s  p r e f e r a b l e  over  ammonia s t r i p p i n g .  

The NO -N c o n c e n t r a t i o n  i n  ECW-water i s  shown a g a i n  i n  F igure  3  
10, a long w i t h  t h e  NO -N c o n c e n t r a t i o n  i n  w e l l s  1-2 and 5-6. For 3 
t h e  f i r s t  few months, t h e  NO -peaks were much h igher  i n  w e l l  1 - 2 ,  3  
and much lower i n  w e l l  5-6 t h a n  i n  ECW, This  may be due t o  t h e  

f a c t  t h a t  w e l l  1-2 i s  l o c a t e d  between b a s i n s  1 and 2 which were 
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nonvegetrated during D t h i s  per iod.  Also, we l l  1-2 i s  . :iallower than 

ECW (Table 2 ) .  Well 5 - 6  i s  a l s o  20 It deep but  i t  i~ i n  i i r tcr  

s o i l  ma te r i a l .  In the f a l l ,  when bas in  1 was a l s o  vegeta ted ,  t he  

NO peaks i n  w e l l  1-2 were lower and about t he  same a s  i n  ECW. 
3  

Peaks i n  1-2 occurred sooner than i n  ECW. No samples from we l l  

1-2 were taken during the  inundat ion period November 21-December 8  

because the water  l e v e l s  i n  t h e  we l l s  were measured d a i l y  during 

t h a t  per iod (see s e c t i o n  111.1.). From the  NO -N concent ra t ions  
3  

i n  ECW during t h a t  per iod,  i t  seems l i k e l y  t h a t  a  NO peak a l s o  
3  

would have occurred i n  w e l l  1-2. Thus, t h e  l i n e  connecting the  

NO po in t s  f o r  w e l l  1-2 from November t o  December most l i k e l y  does 
3  

not  present  t he  t r u e  course of the  NO -concent ra t ions  f o r  t h a t  
3 

per iod . 
The low NO -N concent ra t ions  i n  Well 1-2 during long inundat ion 3 

periods were higher  i n  t h e  January-Apri l  per iod,  when bas in  1 was 

not  vegetated,  than i n  September-December when bas in  1 had a  dense 

s tand  of vo lunteer  g ra s ses .  

During the  sequence of f requent  s h o r t  inundat ion periods in  

Apri l -July,  NO - N  concent ra t ions  i n  a l l  t h r ee  we l l s  were about t h e  3  
same, w i t h  the  except ion  of August when the  NO -N i n  we13 1-2 was 3  
higher  than i n  5-6 and ECW. 

The NO -N and NH -N concent ra t ions  f o r  t h e  o the r  we l l s  a r e  
3  4 

shown i n  Tables 4 and 5, r e spec t ive ly .  The NO3-N concent ra t ions  

f o r  we l l s  1 and 7 dropped i n  August and September i n  response t o  

t he  change from f requent  s h o r t  inundat ion periods t o  long inunda- 

t i o n  per iods ,  Low n i t r a t e  concent ra t ions  were a l s o  observed for- 

the  East Well, f o r  which sampling began 28 November. The WCW and 

91s t  Avenue wel l s ,  which y i e lded  n a t i v e  ground water ,  showed NO3-N 

concent ra t ions  of 2  t o  6  ppm. The NO - N  concent ra t ion  i n  we l l  8, 
3  

which a l s o  y i e lded  n a t i v e  ground water was lower, i .e . ,  0-2 ppm. 

Well 8 i s  20 f t  deep, whereas WCW and 91st  Avenue t a p  the  ground 

water from g r e a t e r  depths (see Table 2).  The NH4-N concent ra t ions  
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gene ra l ly  ranged from 1 t o  4 ppm f o r  the  we l l s  y i e l d i n g  reclaimed 

water  and they were e s s e n t i a l l y  0 f o r  t he  na t ive  ground water 

(Table 5 ) ,  

Since t h e  n i t rogen  removal takes p lace  only f o r  the long inunda- 

t i o n  periods (10 days o r  more) when the  oxygen supply i n  the  s o i l  

i s  no t  as  p l e n t i f u l  a s  f o r  t h e  s h o r t  per iods,  t h e  n i t rogen  removal 

tends t o  be more complete below vegeta ted  bas ins  than below non- 

vege ta ted  basins ,  i t  i s  l o g i c a l  t o  a t t r i b u t e  t he  n i t rogen  removal 

a t  l e a s t  p a r t l y  t o  b i o d e n i t r i f i c a t i o n .  Other mechanisms f o r  removing 

n i t rogen  from the  waste  water  a s  i t  pe rco la t e s  through the  s o i l  a r e  

ammonium adsorp t ion  by c l ay  and organic  matter ,  and n i t rogen  

f i x a t i o n  i n  b a c t e r i a l  t i s s u e  and o t h e r  l i v i n g  organisms i n  t h e  

s o i l .  Ammonium n i t rogen  seems t o  be more e a s i l y  a s s imi l a t ed  by 

the  organisms than  n i t r a t e  n i t rogen .  Est imates  of how much n i t rogen  

could be removed by these  processes  a r e  presented below. 

a ,  Ammonium adsorp t ion  by c l a y ,  Adsorption of NH by the  c l ay  
4 

f r a c t i o n  i n  the s u r f a c e  s o i l  and the  deeper s o i l  depos i t s  could 

t ake  place during long inundat ion when oxygen f o r  n i t r i f i -  

c a t i o n  may be l i m i t i n g  and most of t he  n i t rogen  i n  t h e  e f f l u e n t  

could remain i n  t he  form of NH The sandy and g rave l ly  ma te r i a l s  
4"  

a t  Flushing Meadows, however, conta in  very l i t t l e  c l ay .  The clay 

content  of t h e  upper 3 f t  of f i ne ,  loamy sand i s  not more than 2 

percent ,  whereas the underlying coarse sands and g rave l s  conta in  

e s s e n t i a l l y  no c l a y ,  Thus, i f  f o r  t he  f i r s t  30 f t  o r  10 m of s o i l  

( t he  depth of ECW) an average c l ay  content  of 1 percent  i s  assumed, 

t h i s  w i l l  be on the  l i b e r a l  s i d e .  Since the NH -ion i s  c lo se  t o  4 
t he  Na-ion i n  adso rp t ive  p rope r t i e s ,  the  exchangeable sodium percent -  

age (ESP) can be used f o r  the  exchangeable ammonium percentage. To 

determine ESP, t h e  sodium adsorp t ion  r a t i o  (SAR) f o r  the  water must 
I---- - -- ---.- A 

+ 7 '  f f  be known (SAR = Na / iCaH + Mg ) / 2 ,  where i o n i c  concent ra t ions  

a r e  expressed i n  meq/l) .  The va lue  of ESP can then  be determined 

and knowing the  exchange capac i ty  of the  c l ay  f r a c t i o n ,  the amount 
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of  ammonium t h a t  w i l l  u l t i m a t e l y  be adsorbed by the  c l ay  can be 

c a l c u l a t e d ,  

The concent ra t ions  of Ca, Mg, and Na i n  the  e f f l u e n t  a r e  82, 

36, and 200 mg/l, r e spec t ive ly ,  which corresponds t o  4.1, 3.0, and 

8.7 meq/l. This g ives  SAR = 4.7, which y i e l d s  an ESP-value of 

5.2 percent ,  according t o  Figure IV on page 165 of Water Qual i ty  

C r i t e r i a  (1). 

The dry dens i ty  of t he  s o i l  i s  about 1.5, s o  t h a t  a  L O  m 
2  

depth conta ins  1500 gm of dry s o i l  per  cm su r face  a rea ,  A t  

1 percent  c lay ,  t h i s  would con ta in  15 gm c l ay  and assuming an 

exchange capac i ty  of 100 meq/100 gm clay,  the t o t a l  exchange 

capac i ty  would thus be 15 meq. For an exchangeable ammonium 

percentage of 5.2 percent ,  t h i s  amount of c l ay  w i l l  thus adsorb 

15 x 0.052 = 0.78 meq of NH o r  0.78 x  14 = 10.9 mg of NH4-N. 
4  

Since the  NH -N concent ra t ion  of t he  e f f l u e n t  i s  about 25 ppm, 
4  

t h i s  amount of NH -N i s  contained i n  0.437 l i t e r s  e f f l u e n t .  Per 
2 4 

cm su r face  area,  t h i s  corresponds t o  an accumulated i n f i l t r a t i o n  

of 437 cm o r  about 14 f t ,  which i n f i l t r a t e s  i n  about 1 wk. Thus, 

a f t e r  about 1 wk t h e  u l t i m a t e  adsorp t ion  capac i ty  of t he  c l ay  f o r  

ammonium is  reached. The conclusion i s  t he re fo re  t h a t  n i t rogen  

removal by adsorp t ion  of ammonia on c lay  i s  i n s i g n i f i c a n t  f o r  

t he  Flushing Meadows P ro jec t ,  

b. Nitrogen f i x a t i o n  i n  b a c t e r i a l  t i s s u e .  As the  n u t r i e n t s  i n  t he  

e f f l u e n t  cause an inc rease  i n  t he  b a c t e r i a l  populat ion of the  s o i l  

and a s  b a c t e r i a  and o the r  organisms con t inua l ly  grow and d i e ,  some 

of t he  n i t rogen  undoubtedly goes i n t o  b a c t e r i a l  t i s s u e .  I f  t h i s  - 

would be the major mechanism f o r  n i t rogen  removal, however, it i s  

d i f f i c u l t  t o  s e e  why i t  would be e f f e c t i v e  only f o r  the  longer 

inundat ion  periods and not  f o r  t he  s h o r t  per iods when e s s e n t i a l l y  

no n i t rogen  removal i s  observed, even though ammonium ni t rogen  may 

be more r e a d i l y  a s s imi l a t ed  by the  b a c t e r i a  than n i t r a t e  n i t rogen .  

Another f a c t o r  l i m i t i n g  t h e  n i t rogen  removal by f i x a t i o n  i n  
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b a c t e r i a l  t i s s u e  i s  the  so lub le  carbon content  of the e f f l u e n t .  

Assuming, f o r  example, t h a t  t he  COD of t h e  e f f l u e n t ,  which i s  about 

50 mg/l, i s  e n t i r e l y  due t o  carbohydrates ,  t h e  C-content of t h e  

e f f l u e n t  would be 19 mg/l. Assuming a  C / N - r a t i o  of 7 i n  dry 

b a c t e r i a l  mat te r ,  removal of  20 mg ~ / 1  a s  obtained a t  Flushing 

Meadows during long inundat ions ,  would r e q u i r e  140 mg ~ / 1 .  This 

i s  about 7 t i m e s  a s  much a s  t he  a c t u a l  C-content of the e f f l u e n t ,  

s o  t h a t  t he  carbon supply i n  t h e  e f f l u e n t  s eve re ly  l i m i t s  the  

amount of  n i t rogen  t h a t  can be f i x e d  i n  b a c t e r i a l  t i s s u e .  

The popula t ion  of ae rob ic  b a c t e r i a  i n  t he  s o i l  beneath the  

recharge  bas in s  was determined by p l a t e  count techniques.  The 

r e s u l t s  (Table 6)  show t h a t  the  populat ion ranges from 100 m i l l i o n  

t o  400 m i l l i o n  per  gram of dry s o i l ,  which i s  about 10 times a s  

much as  t h e  1 t o  50 m i l l i o n  range usua l ly  r epo r t ed  f o r  a g r i c u l t u r a l  

s o i l  (2, 4 ) .  Since t h e  p l a t e  count tends  t o  y i e l d  only a  small  

f r a c t i o n ,  f o r  example, a  few percent  of t h e  e n t i r e  b a c t e r i a l  popu- 

l a t i o n ,  t h e  a c t u a l  popula t ion  i n  t h e  s o i l  can be expected t o  be 

about 2 o rde r s  of magnitude h igher .  

Lyon, e t  a 1  (2)) i n d i c a t e  t h a t  a  furrow s l i c e  of  s o i l  may 

con ta in  1000 l b s  oE fungi ,  500 l b s  of actinomycetes,  and 500 l b s  

of  b a c t e r i a ,  a l l  per  ac re .  This  amounts t o  a  t o t a l  of 0.02 gr/cm 
2  

of  s o i l .  Since a  furrow s l i c e  i s  about 15 cm deep, and the  f i n e  

loamy sand l aye r  of t he  Flushing Meadows p r o f i l e  i s  about 90 cm 

deep, t h i s  f i g u r e  would have t o  be m u l t i p l i e d  by 90/15 = 6 f o r  t h e  

Flushing Meadows p r o f i l e .  The assumption w i l l  be made t h a t  t h e  

b a c t e r i a l  popula t ion  i n  t h e  coarse  sands and g r a v e l s  below the  

90 cm f i n e  loamy sand i s  n e g l i g i b l e .  Also, because b a c t e r i a l  popu- 

l a t i o n s  tend t o  decrease  w i t h  depth, i t  w i l l  be assumed t h a t  t he  

t o t a l  m ic ro f lo ra  i n  t h e  Flushing Meadows p r o f i l e  i s  10  times t h a t  

of an a g r i c u l t u r a l  s o i l .  Thus, t he  t o t a l  weight  of fungi ,  a c t i n o -  

mycetes, and b a c t e r i a  i n  t he  Flushing Meadows p r o f i l e  can be 
2 

c a l c u l a t e d  as  6 x  10 x  0.02 = 1.2 gm per cm of  s u r f a c e  a r ea .  
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Assuming 20 percent  dry mat te r  content  and 12 percent  N i n  the dry 

matter  of the microf lora ,  the  n i t rogen  i n  t he  1.2 gm of  bac t e r i a ,  

e t c , ,  i s  0.2 x 0.12 x 1.2 = 0.0288 gm. This amount o i  n i t rogen  i s  
2 

contained i n  about 1.2 1 of e f f l u e n t ,  which per cm i s  equiva len t  

t o  a  t o t a l  i n f i l t r a t i o n  of 1200 cm o r  about 40 f t ,  which occurs  i n  

about 20 days of inundat ion.  Thus, t he  n i t rogen  i n  the  b a c t e r i a  

and o the r  mic ro f lo ra  i n  t h e  s o i l  i s  small  compared t o  t he  amounts 

of n i t rogen  removed from t h e  e f f l u e n t .  

c .  Ammonium adsorp t ion  by organic  ma te r i a l .  Another mechanism f o r  

n i t rogen  removal would be n i t rogen  f i x a t i o n  i n  r e l a t i v e l y  s t a b l e  

organic  m a t e r i a l  formed by b a c t e r i a l  deb r i s ,  and adsorp t ion  of 

ammonium thereon. To g e t  an e s t ima te  of the  amount of n i t rogen  

t h a t  may be held i n  the s o i l  i n  t h i s  manner, t o t a l  n i t rogen  i n  t h e  

s o i l  from t h e  recharge bas ins  was measured and compared wi th  t h a t  

i n  t he  v i r g i n  s o i l  ou t s ide  the p r o j e c t  a rea .  The s o i l  n i t rogen  

was determined wi th  the  Kjeldahl  technique us ing  the  s a l i c y l i c  ac id  

modi f ica t ion  t o  o b t a i n  t o t a l  n i t rogen .  The r e s u l t s  (Table 7 )  

i n d i c a t e  t h a t  the  s o i l  beneath the recharge bas ins  conta ins  about 

1 mg N more per g r  of dry s o i l  than  the  n a t u r a l  s o i l  ou t s ide  the  

bas ins .  

Assuming t h a t  n i t rogen  i s  pr imar i ly  f i xed  i n  the  f i n e  sandy 

top  layer ,  (which averages about 90 cm i n  th ickness) ,  and not i n  

the underlying coarse  sands and grave ls ,  t he  t o t a l  n i t rogen  

inc rease  i n  t he  s o i l  beneath t h e  recharge  bas ins  would be 
2 

90 x  1.5 x 1 = 135 mg per cm su r face  a rea .  The f a c t o r  1.5 i n  

t h i s  product i s  t h e  dens i ty  of t he  dry s o i l .  This amount of 

n i t rogen  i s  contained i n  about 5 l i t e r s  of sewage e f f l u e n t ,  which 
2 

per cm su r face  a r e a  corresponds t o  a  t o t a l  i n f i l t r a t i o n  of 5000 

cm o r  170 it, Since the  t o t a l  i n f i l t r a t i o n  by the  end of December 

1969 i s  about 460 f t ,  and s i n c e  high r a t e s  of n i t rogen  removal 

were obtained only when long inundat ion periods were employed, i t  
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can be concluded t h a t  n i t rogen  f i x a t i o n  in  the  s o i l  may p l a y  an 

important r o l e  i n  t he  n i t rogen  removal process.  

The above ana lyses  show t h a t  adsorpt ion of ammonia on c lay  and 

f i x a t i o n  of n i t rogen  i n  l i v e  b a c t e r i a l  t i s s u e  can remove a  small  

quan t i t y  of n i t rogen  only. Thus, t he  main mechanisms f o r  n i t rogen  

removal must be f i x a t i o n  i n  and adsorp t ion  t o  s t a b l e  organic  mat te r  

and b i o d e n i t r i f i c a t i o n .  Continuation of the  r e sea rch  t o  determine 

the maximum ni t rogen  s to rage  capac i ty  i n  the  s o i l  and how much 

n i t rogen  i s  removed by d e n i t r i f i c a t i o n  once t h i s  maximum capac i ty  

i s  reached, w i l l  be des i r ab l e .  

5. Phosphates 

The phosphate concent ra t ions ,  expressed i n  mg P / l  i n  Figures 

11 and 12, show the  P-concentrat ion of t he  i n f l u e n t  ranged from 18 

t o  32 mg/l. Figure 11 shows t h a t  t h i s  concent ra t ion  i s  reduced 

by more than 50 percent  i n  the  reclaimed water  from ECW and we l l  

1-2. P-concentrat ions i n  the  5-6 w e l l  a r e  lower, probably because 

the  s o i l  a t  t he  bottom of t h i s  w e l l  i s  of much lower permeabil i ty ,  

and hence of f i n e r  t ex tu re ,  than a t  the  o ther  we l l s .  

Figure 12 shows t h a t  t h e  P-concentration i n  we l l s  1 and 7 was 

gene ra l ly  below 5 ppm, which i s  lower than  t h a t  i n  ECW and we l l  1-2. 

Thus, the  a d d i t i o n a l  l a t e r a l  movement of reclaimed water below t h e  

water  t a b l e  y i e lded  a d d i t i o n a l  removal of P. The same i s  t r u e  f o r  

t h e  East  Well, which had a P content  of 3.5 ppm i n  December (see 

Table 8).  The P-concentrat ion i n  the  n a t i v e  ground water  ranged 

from 0 t o  1 ppm (well  8 i n  Figure 12, WCW and 91st  Avenue we l l  i n  

Table 8 ) .  

The phosphate removal w i l l  probably mainly be due t o  p r e c i p i t a -  

t i o n  i n  the s o i l ,  some as  f l u o r - a p a t i t e s ,  bu t  probably mostly a s  

oxy-apa t i tes .  Taking the  formula f o r  oxy-apa t i te  a s  3Ca (PO ) ,CaO 
3 

3 4 2  
and the  dens i ty  a s  3.2, 1 cm of oxy-apa t i te  w i l l  conta in  604 mg P. 
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3 Assuming t h a t  20 mg P a r e  removed per l i t e r  of e f f l u e n t ,  1 cm o f  

oxy -apa t i t e  would thus conta in  t he  P removed from 604/20 or  about  
2 

30 l i t e r s  of e f f l u e n t .  Per c m  su r f ace  a rea ,  t h i s  volume co r r e s -  

ponds t o  a  t o t a l  i n f i l t r a t i o n  of 30 x 1000 cm or  300 m, which 

would t ake  about 3  yea r s .  Thus, i n  60 years ,  t he  volume of  oxy- 
3  a p a t i t e  per c m 2  of recharge  bas in  would be 60/3, o r  20 cm . 

Assuming t h a t  t h i s  volume would be spread out  over a  depth of 10 m 

and a  h o r i z o n t a l  a r e a  4 t imes a s  wide a s  t he  
3 

recharge  bas ins ,  20 cm a p a t i t e  would occupy 

t o t a l  s o i l  volume. Assuming a  pore space of 

a p a t i t e  would occupy 2.5 percent  of t he  pore 

wid th  of t h e  a r e a  i n  

0.5 percent  of the  

20 percent ,  t h e  

space i n  t h i s  volume. 

This  i s  smal l  and w i l l  most l i k e l y  no t  have a  s i g n i f i c a n t  e f f e c t  

on the  hyd rau l i c  conduc t iv i t y .  

Phosphorus i s  t h e  only major element i n  t he  renovat ion  process  

t h a t  i s  removed by p r e c i p i t a t i o n ,  Most of t h e  o the r  end products  

of  t h e  reclamation process  a r e  gaseous o r  water -so luble ,  The 

above a n a l y s i s  shows t h a t  i t  w i l l  be a  very long t i m e ,  i n  t h e  

order  of 100 years ,  before  accumulation of  phosphate p r e c i p i t a t e s  

i n  t h e  s o i l  could begin t o  have an adverse e f f e c t  on t he  ope ra t i on  

of t he  system. 

6. F luor ides  

The f l u o r i d e  concen t r a t i on  i n  t h e  e f f l u e n t  was gene ra l l y  between 

4 and 5 ppm (Table 9 ) .  The F-concentrat ion i n  t he  reclaimed water  

was lower f o r  t h e  w e l l s  o u t s i d e  t h e  bas in  a r e a  (wel ls  1 and 7)  than 

f o r  t he  w e l l s  i n s i d e  t h e  bas in  a r e a  (wells 1-2, ECW, and 5-6).  This  

i n d i c a t e s  t h a t  F-removal cont inues  a s  t h e  reclaimed water  moves 

l a t e r a l l y  below the  water  t a b l e .  The average F-concentrat ion f o r  

w e l l  1, which i s  90 f t  from bas in  1 (Figure I ) ,  i s  62 percent  l e s s  

than t h a t  i n  t he  e f f l u e n t .  The F-concentrat ion i n  t h e  n a t i v e  ground 

water  va r i ed  gene ra l l y  between 0.6 and 0.8 ppm. 
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Boron 7 ,  - 
The boron concent ra t ions ,  shown i n  Table 10 ,  gene ra l ly  range 

between 0.4 and 0.5 ppm f o r  the  e f f l u e n t  and the reclaimed water .  

Movement of the  e f f l u e n t  through the  s o i l  p r o f i l e  again did not 

cause a decrease i n  t he  boron content .  The boron content  i n  the  

na t ive  ground water was about the same a s  t h a t  i n  the  e f f l u e n t  water .  

The boron concent ra t ion  again remained gene ra l ly  below the  0.5 ppm 

value  whereby the  y i e l d  of the more boron-sens i t ive  crops, such a s  

c i t r u s ,  may be adversely af f ec t ed .  

8 ,  Dissolved s a l t s  

The s a l t  conten t  f o r  t h e  e f f l u e n t  and t h e  reclaimed water  

continued t o  hover around the  1000 ppm mark (Table 11) wi th  the  

average f o r  the  e f f l u e n t  a t  1021 ppm and f o r  t he  reclaimed water 

from ECW a t  1063 ppm. This i s  an inc rease  about 4 percent ,  which 

i s  probably mostly due t o  evaporat ion from the  recharge bas ins .  

The average annual evaporat ion from a f r e e  water  su r f ace  i n  the 

S a l t  River  Valley i s  about 6 f t .  Since the  t o t a l  annual i n f i l t r a -  

t i o n  i n  1969 was 226 f t ,  t h e  s a l i n i t y  i nc rease  c a l c u l a t e d  on t h i s  

b a s i s  would be about 3 percent ,  The evaporat ion i n  1969 may have 

been above average because of above average summer temperatures .  

Also, because of t he  l o c a t i o n  of t h e  bas ins  i n  the  dry surroundings 

of the  r i v e r  bed, advec t ive  energy may have been s i g n i f i c a n t  and 

a c t u a l  evaporat ion may have been higher  than the  6 f t .  A s a l i n i t y  

i nc rease  of 4 percent  would correspond t o  an annual evaporat ion of 

9 f t .  Even though the  bas ins  a r e  r e g u l a r l y  dr ied ,  t h e  annual 

evaporat ion r a t e  i s  probably the  b e s t  e s t ima te  of t h e  evaporat ion 

losses ,  because when the  bas ins  a r e  not  inundated, the bottom i s  

s t i l l  wet and evapora t ing  a t  near  p o t e n t i a l  r a t e s  f o r  most of t he  

dryup period.  

The s a l i n i t y  of t he  ground waters  i n d i c a t e  t h a t  we l l s  1, 7,  and 

the  East Well a r e  y i e l d i n g  reclaimed water (as  do w e l l s  1-2, ECW, 
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and 5-6, 01 c o u r s e ) ,  Well 8 con t inued  t o  y i e l d  n a t i v e  ground 

w a t e r .  

The s a l t  c o n t e n t  o f  t h e  WCW wa te r ,  which was about  2200 ppm i n  

t h e  f a l l  o f  1967 and t h e n  g r a d u a l l y  i n c r e a s e d  d u r i n g  1968 t o  abou t  

3800 ppm i s  shown i n  F i g u r e  13  f o r  1969. I n  t h e  f i r s t  3  months o f  

1969, t h e  s a l t  c o n t e n t  dropped t o  abou t  3200 ppm, t h e n  i n c r e a s e d  

t o  a  3800-4000 r a n g e  i n  A p r i l  and May. I n  t h e  beg inn ing  o f  August, 

t h e  s a l t  c o n t e n t  s t a r t e d  a  s u s t a i n e d  d e c l i n e  t o  abou t  2000 ppm a t  

t h e  end of  t h e  y e a r .  T h i s  d r o p  c o n t i n u e d  i n  January ,  and 1500 ppm 

were measured on 13  J a n u a r y  1970. The p o s s i b i l i t y  o f  t h e  r e d u c t i o n  

i n  t h e  s a l t  c o n t e n t  s i g n a l i n g  t h e  a r r i v a l  of  r e c l a i m e d  w a t e r  a t  t h e  

bot tom of  WCW is  d i s c u s s e d  i n  s e c t i o n  111.3. A r r i v a l  t i m e o f  

r e n o v a t e d  w a t e r .  

9. pH 

Most o f  t h e  pH-values of t h e  e f f l u e n t  were i n  t h e  7.7-8.1 range  

(Table 1 2 ) .  The pH f o r  t h e  w e l l s  y i e l d i n g  r e c l a i m e d  w a t e r  was 

somewhat lower and ranged  between 7  and 8 ,  T h i s  was a l s o  t r u e  f o r  

t h e  n a t i v e  ground w a t e r  from w e l l  8, WCW, and t h e  9 1 s t  Avenue w e l l  

(Table 12) .  

10.  Col i forms and s t r e p t o c o c c i  

Co l i fo rm and f e c a l  s t r e p t o c o c c u s  d e n s i t i e s  were  o b t a i n e d  f o r  

t h e  w a t e r  from ECW w i t h  t h e  m u l t i p l e  tube  f e r m e n t a t i o n  t echn ique .  

Confirmed MPN-values, which were  de te rmined  o c c a s i o n a l l y ,  were  

g e n e r a l l y  t h e  same a s  t h e  presumpt ive  v a l u e s  f o r  t h e  c o l i f o r m  

d e n s i t i e s .  F e c a l  s t r e p t o c o c c i  d e n s i t i e s  were de te rmined  u s i n g  

a z i d e - d e x t r o s e  b r o t h  a t  35 C, t h e n  EVA b r o t h  a t  35 C f o r  t h e  

p o s i t i v e  t u b e s .  

The r e s u l t s  (F igure  14)  show t h a t  t h e  p resumpt ive  MPN-values 

o f  c o l i f o r m  b a c t e r i a  were  lowes t  i n  t h e  summer p e r i o d ,  when t h e  

i n u n d a t i o n  p e r i o d s  were  s h o r t  and f r e q u e n t ,  and a e r o b i c  c o n d i t i o n s  

p r e v a i l e d  i n  t h e  p e r c o l a t i o n  zone. I n  t h e  f i r s t  few and t h e  l a s t  

few months of  t h e  y e a r ,  long i n u n d a t i o n  p e r i o d s  were he ld  and 
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higher  presumptive  MPN-values were obscrvcd.  The presumptive  MPN- 

v a l u e  u s u a l l y  r o s e  a f t e r  t h e  s t a r t  o f  an  inunda t ion  per iod  w i t h  

t h e  a r r i v a l  of newly i n f i l t r a t e d  wate r  a t  t h e  w e l l .  The  MPN then 

dropped a f t e r  t h e  end of t h e  i n u n d a t i o n  p e r i o d  when movement of 

rec la imed  w a t e r  below t h e  w a t e r  t a b l e  had e s s e n t i a l l y  come t o  a  

h a l t .  For example, t h e  presumptive  MPIi of c o l i f o r m s  r o s e  from 

about  1 0  t o  about  260 per  100 m l  f o r  t h e  i n u n d a t i o n  p e r i o d  o f  15-30 

October, t h e n  dropped t o  8  per  100 m l  3  wks a f t e r  t h e  s t a r t  of  t h e  

ensu ing  dryup p e r i o d .  A s i m i l a r  behav ior  was sometimes observed f o r  

t h e  f e c a l  c o l i f o r m  counts ,  p a r t i c u l a r l y  i n  t h e  f i r s t  months of t h e  

y e a r .  A f t e r  June,  f e c a l  c o l i f o r m  counts  were most ly  z e r o ,  The MPN 

v a l u e s  of f e c a l  s t r e p t o c o c c i ,  which were inc luded  on a  r o u t i n e  

b a s i s  a f t e r  May, were r a t h e r  e r r a t i c .  Sometimes they fol lowed a  

p a t t e r n  s i m i l a r  t o  t h a t  o f  t h e  presumptive  MPN of t h e  c o l i f o r m s .  

Because t h e  b a c t e r i a l  d e n s i t y  u s u a l l y  s t a r t e d  t o  d e c r e a s e  a f t e r  

t h e  end o f  an  i n u n d a t i o n  per iod ,  it  i s  a n t i c i p a t e d  t h a t  3 o r  4 wks of 

a d d i t i o n a l  underground d e t e n t i o n  t ime w i l l  reduce b a c t e r i a l  coun ts  

t o  e s s e n t i a l l y  ze ro .  

11. Temperature o f  s u r f a c e  and ground w a t e r  

The y e a r l y  t empera tu re  c o u r s e  f o r  v a r i o u s  s u r f a c e  and ground 

w a t e r s  i s  shown i n  F igure  15. The i n f l u e n t  t empera tu re  was measured 

a t  one of t h e  i n f l o w  flumes and t h e  t empera tu re  o f  t h e  r u n o f f  water 

a t  t h e  o u t f  low flume from b a s i n  1. The average  o f  t h e  i n f l u e n t  and 

t h e  r u n o f f  t empera tu re  i s  probably  a good i n d i c a t i o n  o f  t h e  tempera- 

t u r e  o f  t h e  w a t e r  i n  t h e  r e c h a r g e  b a s i n s .  The t empera tu re  o f  ECW 

and WCW w a t e r  w a s  measured a t  t h e  f a u c e t  above t h e  ground a f t e r  t h e  

pump had r u n  a w h i l e .  

The t empera tu re  range  o f  t h e  w a t e r  i n  t h e  b a s i n s  appears  t o  

be about  17-32 C.  This  i s  of i n t e r e s t  because  i t  a lmost  c o i n c i d e s  

e x a c t l y  w i t h  t h e  18-30 C range  where in  t h e  r a t e  of p o l y s a c c h a r i d e  

decomposi t ion was approximately  e q u a l  t o  t h e  r a t e  o f  p o l y s a c c h a r i d e  

fo rmat ion  a s  r e p o r t e d  by Nevo and M i t c h e l l  ( 3 ) .  These i n v e s t i g a t o r s  
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a l s o  found t h a t  above 30 C, t h e  r a t e  of p o l y s a c c h a r i d e  decomposi t ion 

exceeded t h e  r a t e  o f  p roduc t ion ,  and t h a t  below 18 C, t h e  r e v e r s e  

was t r u e .  Th i s  may e x p l a i n  why t h e  p o l y s a c c h a r i d e  c o n c e n t r a t i o n s  

i n  t h e  s o i l  below t h e  r e c h a r g e  b a s i n s  a t  F l u s h i n g  Meadows were abou t  

t h e  same a t  t h e  end o f  an i n u n d a t i o n  p e r i o d  a s  a t  t h e  end of  a 

dryup pe r iod ,  and n o t  much d i f f e r e n t  from t h e  p o l y s a c c h a r i d e  c o n t e n t  

i n  t h e  n a t u r a l  s o i l  o u t s i d e  t h e  r e c h a r g e  b a s i n s  ( s e e  Annual Repor t  

1968) .  
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111. AQUIFER STUDIES 

1. Response of water t a b l e  t o  ground-water recharge 

Well 5-6, which he re to fo re  could not be used fo r  measuring 

e l eva t ions  of the  ground water l e v e l  because of i t s  slow response, 

was deepened about .5 f t  by d r iv ing  i n  a  rod and removing loose 

m a t e r i a l  w i th  a  b a i l e r .  Af te r  t h i s  opera t ion ,  which was done i n  

October 1969, t he  response of t he  w e l l  was g r e a t l y  improved, and 

al though not a s  f a s t  a s  t h a t  of the  o the r  we l l s ,  s u f f i c i e n t  fo r  

ob ta in ing  meaningful da t a  on ground water  l e v e l s .  

The response of the  water  l e v e l  i n  t he  observa t ion  we l l s  t o  

recharge i s  i l l u s t r a t e d  i n  Figure 16, which shows the  water  l e v e l  

i n  ECW during and fol lowing the  recharge period 21 November - 
8 December. In conformance w i t h  the  theory and previous observa- 

t i ons ,  the  water  l e v e l  i n  t h i s  w e l l  ro se  r ap id ly  a f t e r  the s t a r t  

of the  inundat ion and reached a  pseudo-equilibrium l e v e l  i n  about 

5 days. The water  l e v e l  then dropped as  the average i n f i l t r a t i o n  

r a t e  decreased. On 4 December, the  water  depth i n  t he  recharge 

bas ins  was reduced from 13 t o  7  inches which caused a  drop i n  

t h e  i n f i l t r a t i o n  r a t e  and hence a l s o  i n  the  water  l e v e l  i n  ECW. 

Following the  s t a r t  of a  dryup period on 8 December, the  water 

l e v e l  i n  ECW f e l l ,  and on 15 December i t  had reached e s s e n t i a l l y  

t he  same l e v e l  a s  before the s t a r t  of the  inundat ion period.  The 

water  l e v e l s  i n  t h e  o the r  observa t ion  we l l s  behaved i n  s i m i l a r  

fashion.  

P r o f i l e s  of water  l e v e l s  i n  the observa t ion  we l l s  f o r  the same 

recharge period a r e  shown i n  Figure 17. Since we l l s  1, 1-2, 5-6, 

7, and 8 a r e  a l l  20 f t  deep, t he  water  l e v e l  readings  from the  

30-f t  deep ECW were converted so  t h a t  they would a l s o  apply t o  

t he  20-f t  depth. According t o  the  e q u i p o t e n t i a l s  i n  t he  flow 

system as determined by r e s i s t a n c e  network analog (Figure 13 i n  

Annual Report 1968), t h i s  c o r r e c t i o n  could be made by mult iplying 
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the  water l e v e l  r i s e s  i n  ECW by 83/66, o r  1.26. Thus, the water 

l e v c i  r i s e s  due t o  recharge  a s  shown i n  Figure 1 7  a l l  apply t o  the 

20- f t  depth l e v e l .  The s t a t i c  ground water l e v e l  i s  about 10 E t  

below the  bottom of the recharge bas ins .  

The water  l e v e l  p r o f i l e  on 21 November, p r i o r  t o  the  inundat ion 

period, i s  e s s e n t i a l l y  h o r i z o n t a l  (Figure 17) ,  i n d i c a t i n g  s t a t i c  

ground water condi t ions  i n  the  north-south d i r e c t i o n .  The ho r i -  

zon ta l  p r o f i l e  a l s o  i n d i c a t e s  n e g l i g i b l e  e f f e c t  of seepage from 

the  e f f l u e n t  s t ream n o r t h  of t h e  p r o j e c t  a r e a  (Figure 1 )  on the  

ground water flow system. The next  p r o f i l e  i n  Figure 17 (1  December) 

shows the  water  l e v e l s  a t  t h e i r  h ighes t  pos i t i ons ,  which i s  a l s o  the  

pseudo-equilibrium l e v e l .  Because bas ins  3 and 4 exh ib i t ed  the 

h ighes t  i n f i l t r a t i o n  r a t e s  (see Figure 2))  the  water  l e v e l  i n  ECW 

i s  probably higher  than i t  would have been i n  case t h e  i n f i l t r a t i o n  

r a t e  were the  same f o r  a l l  bas ins .  The p r o f i l e  on 8  December shows 

the  water  l e v e l s  i n  t he  we l l s  a t  the end of t h e  inundat ion  period, 

a f t e r  the  water  depth  i n  t h e  recharge bas ins  was changed from 13  t o  

7 inches on 4 December. On 11 December, 3 days a f t e r  the  flow i n t o  

the  bas ins  was stopped, t h e  water  l e v e l  p r o f i l e  i n  t he  observa t ion  

we l l s  was e s s e n t i a l l y  ho r i zon ta l ,  and, on 15 December i t  had r e tu rned  

t o  about t he  same p o s i t i o n  a s  before  the  s t a r t  of the  inundat ion 

period,  

Comparing the  p r o f i l e s  on 1 and 8  December shows t h a t  the water  

l eve l  i n  w e l l  5-6 i s  slower t o  r i s e  and slower t o  f a l l  than, f o r  

example, t h e  water  l e v e l  i n  w e l l  1-2. This i s  because of t he  slower 

response of we l l  5-6. 

The r i s e  of the water  l e v e l s  t o  semiequi l ibr ium pos i t i ons  and 

the r e l a t i v e l y  r ap id  dec l ine  t o  o r i g i n a l  l e v e l s  a f t e r  inundat ion i s  

stopped i s  t y p i c a l  f o r  t he  Flushing Meadows case  where the aqu i f e r  

i s  of cons iderable  l a t e r a l  e x t e n t  and has a  high hydraul ic  conduc- 

t i v i t y  i n  h o r i z o n t a l  d i r e c t i o n .  
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2 .  Hydraulic conduc t iv i t y  of a q u i f e r  

The r e l a t i o n s h i p  between the  averagc i n f i l t r a t i o i ~  r a t e  i n  the 

bas ins  and the  r i s e  of the  water  l e v e l  i n  t he  observa t ion  we l l s  

from s t a t i c  t o  pseudo-equilibrium p o s i t i o n  i s  a  d i r e c t  func t ion  o f  

t he  hyd rau l i c  conduc t iv i t y  of t he  aqu i f e r ,  which was eva lua ted  a s  

282 f t / day  i n  h o r i z o n t a l  d i r e c t i o n  and 17.6 f t / day  i n  v e r t i c a l  

d i r e c t i o n  by r e s i s t a n c e  network analog (see Annual Report 1968). 

Figure 16 shows t h a t  t he  water  l e v e l  i n  ECW a t  pseudo-equilibrium 

condi t ions  was 1.8 f t  h igher  than a t  s t a t i c  cond i t i ons .  The pseudo- 

equ i l i b r ium l e v e l  was reached on 26-27 November, when t h e  average 

i n f i l t r a t i o n  r a t e  was about 2.5 f t / d a y  (Figure 16) .  Thus t h e  water  

l e v e l  r i s e  i n  ECW per  u n i t  i n f i l t r a t i o n  r a t e  was 1.8/2.5 = 0.72 

days. I f  t h e  hyd rau l i c  conduc t iv i t y  of t he  a q u i f e r  does not change, 

t h i s  r a t i o  should be cons t an t  and should a l s o  apply t o  o t h e r  i n f i l -  

t r a t i o n  r a t e s .  In t h e  f a l l  of 1968, t h e  water l e v e l  i n  ECW rose  

1.0 f t  above s t a t i c  l e v e l  f o r  an average i n f i l t r a t i o n  r a t e  of 1.4 

f t / day .  A t  t h a t  time, t h e  water  l e v e l  r i s e  per  u n i t  i n f i l t r a t i o n  

r a t e  was 1.0/1.4 = 0.71 days (see Annual Report 1968), which i s  

e s s e n t i a l l y  t h e  same a s  i n  1969. Thus, i t  i s  concluded t h a t  t he  

hydrau l ic  conduc t iv i t y  of t h e  a q u i f e r  has no t  changed. 

The r ise i n  WCW t o  pseudo-equilibrium l e v e l  f o r  t h e  same per iod 

a s  i n  Figure 16 was 0.7 f t .  

3 .  A r r i v a l  t imes of renovated water  

The time i t  takes  the  water  t o  t r a v e l  from the  recharge  bas ins  

t o  t he  3 0 - f t  deep ECW, a s  evidenced by t h e  time between t h e  s t a r t  

of an inundat ion  per iod  and t h e  a r r i v a l  of a  n i t r a t e  peak i n  t he  

water  from ECW, v a r i e d  from 5 days fo r  a  per iod w i t h  an average 

i n f i l t r a t i o n  r a t e  of 2.5 f t / d a y  t o  11 days f o r  a  per iod  w i t h  an 

i n f i l t r a t i o n  r a t e  of 0.83 f t / d a y  (Table 13 ) .  The product of t r a v e l  

o r  d e t e n t i o n  time and average i n f i l t r a t i o n  r a t e  should be cons tan t ,  

and t h e  experimental  d a t a  a s  shown i n  t h e  l a s t  column of Table 1.3 

b r ing  t h i s  ou t  reasonably w e l l ,  The average va lue  of the  product 
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i s  11.5 f t .  I n  Annual Report  1968, t h e  v a l u e  of thc: product  was 

p r e d i c t e d  t o  be 16 i t  i f  t h e  s o i l  p o r o s i t y  was 33 p e r c e n t ,  based 

on a n a l y s i s  o f  t h e  underground f low system by r e s i s t a n c e  network 

ana log .  S ince  t h e  a c t u a l  v a l u e  of t h e  p roduc t  i s  11.5 f t ,  a  b e t t e r  

v a l u e  f o r  t h e  p o r o s i t y  of t h e  sand and g r a v e l  s t r a t a  i s  11.5 x 

33/16 = 24%. 

The ana log  a n a l y s e s  a l s o  i n d i c a t e d  t h a t  r ec la imed  e f f l u e n t  w a t e r  

would r e a c h  t h e  bottom of  t h e  1 0 0 - f t  deep WCW a f t e r  a  t o t a l  of 315 

f t  o f  e f f l u e n t  would have i n f i l t r a t e d  i n t o  t h e  s o i l  (based on a 

s o i l  p o r o s i t y  o f  33 p e r c e n t ,  s e e  Annual Report  1968).  The accumu- 

l a t e d  i n f i l t r a t i o n  d a t a  show t h a t  t h i s  i n f i l t r a t i o n  was reached on 

19 J u l y  1969. A s  shown i n  F igure  13 and d i s c u s s e d  i n  S e c t i o n  11.8, 

Disso lved  s a l t s ,  t h e  s a l t  c o n t e n t  i n  WCW d i d  indeed show a s u s t a i n e d  

d e c l i n e  s t a r t i n g  i n  t h e  beg inn ing  of August. A f t e r  p e n e t r a t i o n  t o  

t h e  1 0 0 - f t  dep th  l e v e l ,  which r e q u i r e d  about  660 days,  t h e  rec la imed  

w a t e r  " f r o n t "  can be expec ted  t o  be q u i t e  d i s p e r s e  and t h e  s a l i n i t y  

r e d u c t i o n  and d i sp lacement  of n a t i v e  ground w a t e r  by rec la imed  w a t e r  

w i l l  be  ex t remely  g r a d u a l .  I f  t h e  r e d u c t i o n  i n  s a l i n i t y  as shown 

by F igure  13 i s  due t o  t h e  a r r i v a l  o f  r ec la imed  w a t e r ,  an  i n c r e a s e  

i n  NO3 and PO would u l t i m a t e l y  be expected.  An i n c r e a s e  i n  PO 4 4 
may indeed  have o c c u r r e d  ( see  Table  8 ) ,  bu t  n i t r o g e n  i n c r e a s e s  have 

n o t  y e t  been observed ,  It cou ld  be t h a t  t h e  f i r s t  r ec la imed  w a t e r  

t o  a r r i v e  i s  r e l a t i v e l y  pure,  s i m i l a r  t o  w a t e r  t h a t  h a s  been passed 

through an i o n  exchange columnl 
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I V .  DESIGN OF WGE-SCALE RECHARGE SYSTEM 

1, C a l c u l a t i o n  o f  underground t r a v e l  t imes  

The c a L c u l a t i o n  o f  w a t e r  t a b l e  p o s i t i o n s  i n  a r e c h a r g e  system 

c o n s i s t i n g  o f  two p a r a l l e l  s t r i p s  w i t h  i n f i l t r a t i o n  b a s i n s  and 

w e l l s  midway between t h e  s t r i p s  t o  pump up t h e  rec la imed  water ,  was 

p r e s e n t e d  i n  Annual Report  1968. A  p lan  and c r o s s  s e c t i o n  o f  t h i s  

sys tem a r e  shown i n  F i g u r e  18. S i n c e  s u f f i c i e n t  t ime and d i s t a n c e  

o f  underground t r a v e l  ( f o r  example, a t  l e a s t  1 month and 500 f t )  

a r e  impor tan t  f o r  o b t a i n i n g  h i g h  q u a l i t y  rec la imed  wate r ,  a  proce-  

dure  f o r  c a l c u l a t i n g  t h e  underground t r a v e l  t ime was developed. 

The s h o r t e s t  underground d e t e n t i o n  t ime, and hence t h e  t ime t h a t  

w i l l  be o f  most i n t e r e s t ,  w i l l  be a s s o c i a t e d  w i t h  w a t e r  t h a t  has 

i n f i l t r a t e d  a t  A, s i n c e  t h i s  p o i n t  i s  c l o s e s t  t o  t h e  w e l l ,  

To c a l c u l a t e  t h e  t r a v e l  t ime below t h e  w a t e r  t a b l e  from A t o  

t h e  w e l l ,  e q u i p o t e n t i a l s  and s t r e a m l i n e s  i n  t h e  r e g i o n  ABEF must 

be known ( s e e  F igure  1 9 ) .  The flow r a t e  i n  t h e  s t r e a m  t u b e  between 

AF and t h e  n e x t  s t r e a m l i n e  i s  t h e n  c a l c u l a t e d  by m u l t i p l y i n g  t h e  

w i d t h  of t h e  tube a long AB by I W  (I i s  t h e  average  i n f i l t r a t i o n  

r a t e  f o r  t h e  r e c h a r g e  s t r i p  and W i s  t h e  w i d t h  o f  t h e  r e c h a r g e  

s t r i p ) .  Th i s  f low r a t e  i s  t h e n  d i v i d e d  by t h e  c r o s s - s e c t i o n a l  

a r e a  of t h e  tube (width  o f  tube  x  h e i g h t  o f  a q u i f e r )  and by t h e  

p o r o s i t y  o f  t h e  a q u i f e r  m a t e r i a l  t o  y i e l d  t h e  macroscopic v e l o c i t y ,  

Th i s  v e l o c i t y  can be computed f o r  e a c h  s e c t i o n  o f  t h e  s t r e a m  tube  

between s u c c e s s i v e  e q u i p o t e n t i a l s .  Dividing t h e  d i s t a n c e  between 

t h e s e  e q u i p o t e n t i a l s  by t h e  macroscopic  v e l o c i t y  f o r  t h e  s e c t i o n  i n  

q u e s t i o n  t h e n  y i e l d s  t h e  t r a v e l  t ime increment  f o r  t h a t  s e c t i o n .  

Summing t h e  t ime  inc rements  f o r  each  s e c t i o n  i n  t h e  s t r e a m  tube 

y i e l d s  t h e  t o t a l  t r a v e l  t ime from A t o  F. 

To e n a b l e  c a l c u l a t i o n  o f  t r a v e l  t imes  f o r  d i f f e r e n t  sys tem 

geomet r ies ,  e q u i p o t e n t i a l s  f o r  t h e  r e g i o n  ABEF a r e  shown i n  F igure  

20 f o r  d i f f e r e n t  r a t i o s  of L/S. These e q u i p o t e n t i a l s  a r e  expressed  

i n  p e r c e n t  head l o s s  between A and F and they were e v a l u a t e d  by 
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rcs i s tanc t .  network a ~ ~ a l o g .  Streamlines can be sketched as ortlzoi7,- 

ona ls  t o  t hesc  e q u i p o t e n t i a l s .  

2 .  Example 

To i l l u s t r a t e  the use of the procedures f o r  c a l c u l a t i n g  water 

t a b l e  pos i t i ons  and minimum underground t r a v e l  times i n  a  system o f  

two p a r a l l e l  recharge s t r i p s  w i t h  we l l s  midway i n  between, an 

example w i l l  be presented.  The fol lowing values were s e l e c t e d :  
9 

Te 
= 20,000 f t L / d a y  f o r  t he  recharge-flow system i n  region ABCD 

2  
T  = 30,000 f t  /day f o r  t h e  well-flow system i n  reg ion  ABEF 

e  

I = 0.8 f t / day ,  and 
3 a = 768,000 f t  /day (or almost 4000 gal/min) 

The symbol Te r e f e r s  t o  t he  e f f e c t i v e  aqu i f e r  t r a n s m i s s i b i l i t y ,  L 

i s  t h e  d i s t a n c e  between t h e  recharge s t r i p  t o  t h e  well ,  and (2w i s  

the  d ischarge  per  we l l .  

Assuming an equi l ibr ium cond i t i on  w i t h  the  w e l l  d i scharge  

equal  t o  the  recharge r a t e ,  the  d i s t ance  between the  wel l s ,  S, can 

be ca l cu la t ed  a s  800 f t ,  using equat ion  4 on page 33 of Annual 

Report 1968. This g ives  L/S = 0.625, s o  t h a t  according t o  Figure 

20 i n  Annual Report 1968, 2 w S I / T ~ A H ~ - ~  = 1.38. In t h i s  parameter, 

AHA-F i s  t he  e l e v a t i o n  d i f f e r e n c e  between the  water  cab le  l e v e l s  

a t  A and F  (adjacent  t o  the w e l l ) .  S u b s t i t u t i n g  the  va lues  f o r  

W, S, I, and T f o r  the  well-flow system i n t o  t h i s  parameter 
e  

y i e l d s  AH = 18.6 f t .  Figure 21 i n  Annual Report 1968 shows 
A-F 

t h a t  f o r  L/S  = 0.625, AHB - F / L ~ A  - F= 1.02, s o  t h a t  the e l eva t ion  d i f -  

i erence, LHB-F, between the water  t a b l e  l e v e l s  a t  B and F i s  18.9 

i t .  The next s t e p  i s  t o  c a l c u l a t e  the e l e v a t i o n  d i f f e r e n c e ,  LHc-B, 

between the water t a b l e  l e v e l s  a t  C and B w i th  equat ion  (5) i n  

/ H C - B  = 7.2 f t .  Thus, the e leva-  Annual Report 1968, which y i e l d s  A 

t i on  d i f f e r e n c e  between the  water  t a b l e  l e v e l s  a t  D and F, -\IbeF, 
i s  equal  t o  18.6 + 7.2 = 25.8 Er, and t h a t  a t  C and F, ,H c-,7, i s  
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cqunl  t o  18.9 + 7.2 = 26.1 f t .  The wate r  t a b l e  benea th  t h e  o u t s i d e  

edges of t h e  r e c h a r g c  s t r i p s  i s  thus  e s s e n t i a l l y  a t  uniform dep th  

and about  26 f t  h i g h e r  t h a n  t h e  w a t e r  t a b l e  a d j a c e n t  t o  the  w e l l .  

E q u i p o t e n t i a l s  and s t r e a m l i n e s  f o r  t h e  f low system of t h i s  

example a r e  shown i n  F i g u r e  19. The e q u i p o t e n t i a l s  f o r  t h e  r e c h a r g e  

flow system i n  r e g i o n  ABCD were c a l c u l a t e d  w i t h  e q u a t i o n  (5)  on page 

34 of  Annual Report  1968, u s i n g  d i f f e r e n t  v a l u e s  f o r  W e  The e q u i -  

p o t e n t i a l s  for t h e  w e l l - f l o w  system i n  s e c t i o n  ABEF were o b t a i n e d  

from Figure  20. The s t r e a m l i n e s  were ske tched  a s  o r t h o g o n a l s  t o  

t h e  e q u i p o t e n t i a l s  . 
To c a l c u l a t e  t h e  minimum t r a v e l  time, Kh w i l l  be taken a s  282 

f t / d a y ,  a s  e v a l u a t e d  by r e s i s t a n c e  network ana log  f o r  t h e  F l u s h i n g  

Meadows s i t e  ( s e e  F i g u r e  2, Annual Repor t  1968).  Thus, t h e  e f f e c -  

t i v e  h e i g h t  o f  t h e  a q u i f e r  f o r  t h e  w e l l  f low system i s  30,000/282 = 

106 f t .  Assuming a  p o r o s i t y  of 30%, t h e  macroscopic  v e l o c i t y  

between t h e  1 8 - f t  and 1 6 - f t  e q u i p o t e n t i a l s  i n  t h e  s t r e a m  tube  

between AF and t h e  nex t  s t r e a m l i n e  can be e s t i m a t e d  a s  0.8 x 600 x 

100/123 x 100 x 0.3 = 1 3  f t / d a y .  I n  t h i s  c a l c u l a t i o n ,  t h e  numerator 

i s  a  product  o f  r e c h a r g e  r a t e  and r e c h a r g e  a r e a  f e e d i n g  t h e  s t r e a m  

tube,  t h e  f a c t o r  123 i s  t h e  average  h e i g h t  o f  t h e  a q u i f e r  between 

t h e  1 8 - f t  and 1 6 - f t  e q u i p o t e n t i a l s  (106 f (16 i- 18) /2 ) ,  t h e  f a c t o r  

100 i n  t h e  denominator i s  t h e  average  w i d t h  o f  t h e  s t r e a m  t u b e  

between t h e  1 8 - f t  and 1 6 - f t  e q u i p o t e n t i a l s ,  and t h e  f a c t o r  0.3 

r e p r e s e n t s  t h e  p o r o s i t y .  Div id ing  t h e  average d i s t a n c e  between t h e  

two e q u i p o t e n t i a l s ,  which i s  115 f t ,  by t h e  macroscopic  v e l o c i t y ,  

y i e l d s  a  t r a v e l  t ime  of 8.8 days .  Applying t h i s  procedure  t o  t h e  

r e s t  o f  t h e  p o t e n t i a l  i n t e r v a l s  o f  t h e  s t r e a m  tube  and summing t h e  

t ime inc rements  y i e l d s  a t o t a l  t r a v e l  t ime of 4 weeks from A t o  t h e  

w e l l .  I f  l o n g e r  minimum t r a v e l  t imes  a r e  d e s i r e d ,  S can be 

decreased ,  L i n c r e a s e d ,  I decreased ,  and /or  W d e c r e a s e d .  

To g e t  t h e  t o t a l  underground d e t e n t i o n  time, t h e  t ime f o r  

v e r t i c a l  movement from t h e  r e c h a r g e  b a s i n  t o  t h e  w a t e r  t a b l e  ~ n u s t  
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be added t o  thc  time l o r  La te ra l  movement. The time f o r  v e r t i c a l  

movement can be ca l cu la t ed  from the  depth of t h e  water  t a b l e ,  t he  

i n f i l t r a t i o n  r a t e ,  and the  volumetric water conten t  i n  the 

pe rco la t ion  zone. 
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V . LABORATORY F ILTKATION STUDIES 

Because a h i g h  suspended s o l i d s  c o n t e n t  i n  t h e  e f f l u e n t  has 

such a d v e r s e  e f f e c t s  on t h e  i n f i l t r a t i o n  r a t e s ,  a l a b o r a t o r y  s tudy 

was s e t  up t o  i n v e s t i g a t e  more c l o s e l y  t h e  r e l a t i o n s h i p  between 

suspended s o l i d s  and i n f i l t r a t i o n  r a t e ,  and t o  e v a l u a t e  t h e  f e a s i -  

b i l i t y  o f  f i l t e r i n g  t h e  e f f l u e n t  p r i o r  t o  a d m i t t i n g  i t  i n t o  t h e  

r e c h a r g e  b a s i n s .  I f  t h e  c o s t  o f  f i l t e r i n g  would be l e s s  than  t h e  

v a l u e  o f  t h e  i n c r e a s e d  rec la imed  w a t e r  o b t a i n e d  per  u n i t  a r e a  of 

r e c h a r g e  b a s i n ,  f i l t r a t i o n  would be economical .  

The f i l t e r  s e l e c t e d  f o r  t h i s  s t u d y  was a mixed media f i l t e r  
I 

column by Neptune MicroFloc,  T h i s  f i l t e r  c o n s i s t s  o f  t h r e e  d i f f e r -  

e n t  m a t e r i a l s  t h a t  a r e  graded b o t h  f o r  s i z e  and d e n s i t y .  The 

c o a r s e s t  m a t e r i a l  had t h e  lowes t  d e n s i t y  w h i l e  t h e  f i n e s t  m a t e r i a l  

had t h e  h i g h e s t  d e n s i t y ,  Thus, a f t e r  backwashing, t h e  heavy, f i n e  

material s e t t l e s  o u t  f i r s t  and t h e  l i g h t ,  c o a r s e  m a t e r i a l  l a s t .  

The p a r t i c l e  s i z e  i n  t h e  r e s u l t i n g  column thus  d e c r e a s e s  w i t h  depth ,  

which causes  t h e  column t o  f i l t e r  over  i t s  e n t i r e  l e n g t h  and t o  be 

thus  more e f f i c i e n t  t h a n  a un i fo rm column which f i l t e r s  on ly  a t  

t h e  t o p ,  The m a t e r i a l s  were c o a l ,  sand,  and g a r n e t  w i t h  d e n s i t i e s  

of 1.6, 2.6, and 4.0, r e s p e c t i v e l y .  The r e s u l t i n g  p a r t i c l e  s i z e  

g r a d a t i o n  i n  t h e  f i l t e r  ranged from 1 mm a t  t h e  t o p  t o  0.15 mm a t  

t h e  bottom. 

Twelve columns, 61  cm long and made from 10-cm I D  w h i t e  

opaque p o l y v i n y l  c h l o r i d e  pipe ,  were packed w i t h  50 cm of  loamy 

sand from one o f  t h e  r e c h a r g e  b a s i n s .  Tensiometers  were i n s t a l l e d  

i n  each  column a t  1, 4, 10, and 30 cm from t h e  s o i l  s u r f a c e .  

C o n s t r u c t i o n  d e t a i l s  of t h e  t e n s i o m e t e r s  a r e  shown i n  F i g u r e  21. 

The t e n s i o m e t e r s  were connected t o  a manometer f o r  r e a d i n g .  S i x  
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of t h e  columns r e c e i v e d  f i l t e r e d  and t h e  o t h e r  s i x  unfi1.tcrc.d 

~ > f f l u e n t  from t h e  9 1 s t  Avenue sewage t r e a t m e n t  p l a n t .  

A s k e t c h  of t h e  e x p e r i m e n t a l  s e t u p  i s  shown i n  F igure  2 2 .  A 

r e c i r c u l a t i n g  system was used t o  apply  t h e  w a t e r  t o  t h e  columns. 

Water l e v e l s  were main ta ined  i n  t h e  r e c i r c u l a t o r y  r e s e r v o i r s  w i t h  

t h e  use  of f l o a t - a c t i v a t e d  s o l e n o i d  v a l v e s  connected t o  t h e  main 

supp ly  r e s e r v o i r .  The main supp ly  and u n f i l t e r e d  supp ly  r e s e r v o i r s  

were equipped w i t h  a g i t a t o r s  t o  p reven t  t h e  suspended m a t e r i a l  from 

s e t t l i n g  o u t .  Algae growth was avoided by cover ing  a l l  l i g h t  t r a n s -  

m i t t i n g  components w i t h  t a p e .  

The columns were i n i t i a l l y  s a t u r a t e d  from t h e  bottom and r u n  

f o r  a  p e r i o d  o f  t i m e  w i t h  t a p  water, E f f l u e n t  was t h e n  a p p l i e d  t o  

t h e  columns and an  i n u n d a t i o n  s c h e d u l e  o f  2 wks wet and 1 wk dry 

was fol lowed.  T u r b i d i t y  and chemical  oxygen demand (COD) o f  t h e  

f i l t e r e d  and u n f i l t e r e d  e f f l u e n t  were r o u t i n e l y  measured. The COD 

w a s  a l s o  measured on t h e  w a t e r  coming o u t  of t h e  columns. Suspended 

s o l i d s  g r e a t e r  t h a n  4  microns were a l s o  determined.  

During i n u n d a t i o n  w i t h  t a p  w a t e r  t h e  h y d r a u l i c  c o n d u c t i v i t y  (I<) 

o f  t h e  sand was measured. Th is  v a l u e  can be c o n s i d e r e d  a s  t h e  

maximum o r  r e f e r e n c e  h y d r a u l i c  c o n d u c t i v i t y .  The average  of t h e  

K-values o f  t h e  6 f i l t e r e d  and t h e  6 u n f i l t e r e d  columns i s  shown i n  

Table  14 f o r  t h e  d i f f e r e n t  d e p t h  i n t e r v a l s ,  These v a l u e s  a r e  f o r  

t h e  p e r i o d  immediately b e f o r e  sewage e f f l u e n t  was a p p l i e d  f o r  t h e  

f i r s t  t ime t o  t h e  columns. The i n f i l t r a t i o n  r a t e  i s  a l s o  shown, 

When t h e  sewage w a t e r  was a p p l i e d  t o  t h e  column, t h e  i n f i l t r a t i o n  

r a t e  s t a r t e d  t o  d e c r e a s e  immediate ly ,  The h y d r a u l i c  c o n d u c t i v i t y  

a l s o  decreased  th roughout  t h e  column a s  shown i n  F i g u r e  23 where 

t h e  average K-values o f  t h e  d i f f e r e n t  dep ths  i s  shown i n  r e l a t i o n  

t o  t ime.  There  i s  no s i g n i f i c a n t  d i f f e r e n c e  between t h e  K-values 

of  t h e  columns r e c e i v i n g  f i l t e r e d  and u n f i l t e r e d  e f f l u e n t  excep t  

a t  t h e  0 t o  1-cm d e p t h  where t h e  u n f i l t e r e d  K-values a r e  lower.  

Th i s  i n d i c a t e s  t h a t  more s u r f a c e  plugging i s  o c c u r r i n g  i n  t h e  

Annual Report of the U.S. Water Conservation Laboratory



columns receiving u n f i l t e r e d  e f f l u e n t .  The s u r t a c c  plugging i s  

a l s o  i l l u s t r a t e d  i n  F igure  24 where t h e  p r e s s u r e  p r o f i l e s  f o r  t h e  

f i l t e r e d  and u n f i l t e r e d  columns a r e  shown f o r  a  number of days 

a f t e r  i n u n d a t i o n .  Although t h e r e  i s  plugging i n  b o t h  c a s e s ,  t h e  

g r a d i e n t  i n  t h e  0 t o  1-cm d e p t h  i s  h i g h e r  and i n c r e a s e d  f a s t e r  i n  

t h e  u n f i l t e r e d  columns. 

The d e c r e a s e  of K and i n f i l t r a t i o n  r a t e  a f t e r  2  months i s  shown 

i n  Table 15. These v a l u e s  a r e  r e f e r e n c e d  t o  t h e  h y d r a u l i c  conduc- 

t i v i t y  and i n f i l t r a t i o n  r a t e s  o b t a i n e d  w i t h  t h e  t a p  w a t e r .  A f t e r  

t h r e e  c y c l e s  o f  2 wk i n u n d a t i o n - 1  wk dryup p e r i o d s ,  t h e  d e c r e a s e  i n  

i n f i l t r a t i o n  r a t e  was 882  f o r  t h e  u n f i l t e r e d  columns and 47% f o r  

t h e  f i l t e r e d  columns. 

The t u r b i d i t y  o f  t h e  u n f i l t e r e d  e f f l u e n t  was somewhat v a r i a b l e  

and ranged between 1 and 8.2 w i t h  an  average  o f  3.7. Jackson 

t u r b i d i t y  u n i t s  (JTU). The f i l t e r e d  e f f l u e n t  ranged between 0.9 

and 2.4 w i t h  a n  average  of 1.5 JTU. The COD measurements d i d  n o t  

show any d i f f e r e n c e .  The average  f o r  t h e  2-month p e r i o d  was 36 ppm 

i n  b o t h  c a s e s .  The COD of t h e  ou t f low from t h e  columns was 3 1  ppm 

f o r  t h e  f i l t e r e d  and 28 ppm f o r  t h e  u n f i l t e r e d ,  The amount o f  COD 

i n  t h e  suspended s o l i d s  i s  e v i d e n t l y  small compared t o  t h a t  i n  t h e  

c l e a r  e f f l u e n t .  

The suspended s o l i d s  c o n t e n t  was determined by f i l t e r i n g  t h e  

w a t e r  th rough  a  4-micron f i l t e r  and weighing t h e  r e s i d u e .  I n  t h e  

on ly  d e t e r m i n a t i o n  made w i t h  t h i s  method, t h e  f i l t e r e d  e f f l u e n t  

had 2.1 mg s o l i d s  pe r  l iter,,  and t h e  u n f i l t e r e d  w a t e r  22.3 mg per  

l i t e r .  The t u r b i d i t y  was 1 .5  and 3 JTU, r e s p e c t i v e l y .  

The r e s u l t s  s o  f a r  show t h a t  suspended s o l i d s  removal by mixed 

media f i l t r a t i o n  o r  o t h e r  t echn iques  can s i g n i f i c a n t l y  i n c r e a s e  t h e  

i n f i l t r a t i o n  r a t e s .  F u r t h e r  s t u d i e s  u s i n g  d i f f e r e n t  s o i l s ,  i n f i l -  

t r a t i o n  g r a d i e n t s ,  and suspended s o l i d s  c o n c e n t r a t i o n s  a r e  planned 

s o  t h a t  t h e  impedance of t h e  c logged l a y e r  can be r e l a t e d  t o  the  

t o t a l  s o l i d s  load  f o r  d i f f e r e n t  s o i l s  and g r a d i e n t s .  
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SwY AND CONCLUSIONS : 

The sewage e f f l u e n t  a t  t h e  pump i n t a k e  o f  t h e  F lush ing  Meadows 

P r o j e c t ,  which i s  an  e x p e r i m e n t a l  f a c i l i t y  f o r  r e c l a i m i n g  sewage 

w a t e r  by ground-water r e c h a r g e  w i t h  i n f i l t r a t i o n  b a s i n s ,  was of 

poor q u a l i t y  (h igh  suspended s o l i d s  c o n t e n t )  f o r  t h e  f i r s t  h a l f  o f  

1969. I n  June-Ju ly ,  t h e  e f f l u e n t  c l e a r e d  up complete ly  and main- 

t a i n e d  a  low suspended s o l i d s  c o n t e n t  f o r  t h e  r e s t  of t h e  y e a r .  

Of t h e  s i x  r e c h a r g e  b a s i n s  i n  t h e  p r o j e c t  (each b a s i n  i s  20 x 

700 f t  i n  s i z e  and t h e  b a s i n s  a r e  spaced 20 f t  a p a r t ) ,  two were 

p l a n t e d  t o  r i c e ,  g i a n t  bermudagrass grew back i n  two o t h e r  b a s i n s ,  

t h e  b a r e - s o i l  b a s i n  was a l lowed t o  become overgrown w i t h  v o l u n t e e r  

g r a s s e s ,  and t h e  g r a v e l  b a s i n  remained w i t h o u t  v e g e t a t i o n .  The 

r i c e  made a n  e x c e l l e n t  v e g e t a t i v e  growth, but  y i e l d e d  l i t t l e  g r a i n ,  

probably  because  of h i g h  summer t empera tu res  and a  pump f a i l u r e  i n  

August which caused a  d ry  p e r i o d  o f  a  week. 

The accumulated average  i n f i l t r a t i o n  f o r  t h e  6  b a s i n s  d u r i n g  

t h e  l a s t  6  months o f  1969 was 160 f t ,  t h u s  c o r r o b o r a t i n g  t h e  e a r l i e r  

e s t i m a t e s  of an annua l  i n f i l t r a t i o n  o f  300 f t ,  R e f e r r i n g  t h e  i n f i l -  

t r a t i o n  r a t e s  o f  t h e  i n d i v i d u a l  b a s i n s  t o  t h e  n a t u r a l  i n f i l t r a t i o n  

c a p a c i t y  o f  t h e  b a s i n s  a s  measured d u r i n g  t h e  f i r s t  i n u n d a t i o n  

p e r i o d  f o r  t h e  p r o j e c t  when s o i l  c logg ing  and b i o l o g i c a l  p r o c e s s e s  

had n o t  y e t  t a k e n  p lace ,  i t  appeared t h a t  t h e  v e g e t a t e d  b a s i n s  had 

t h e  h i g h e s t  i n f i l t r a t i o n  r a t e s ,  S e t t i n g  t h e  i n f i l t r a t i o n  behav ior  

o f  t h e  v e g e t a t e d  b a s i n s  a t  100 p e r c e n t  o f  t h e  n a t u r a l  c a p a c i t y ,  t h e  

b a r e  s o i l  b a s i n  i n f i l t r a t e d  a t  80 p e r c e n t  of i t s  n a t u r a l  c a p a c i t y ,  

and t h e  g r a v e l  b a s i n  on ly  a t  40 p e r c e n t .  Thus, a  g r a v e l  l a y e r  has 

an  a d v e r s e  e f f e c t  on t h e  i n f i l t r a t i o n  r a r e  (probably  due t o  poor 

d r y i n g )  and maximum i n f i l t r a t i o n  r a t e s  can be o b t a i n e d  w i t h  vege- 

t a t e d  b a s i n s  (probably  because  t h e  v e g e t a t i o n  p r e v e n t s  a l g a e  growth 

on t h e  bottom of  t h e  b a s i n s ) .  The i n f i l t r a t i o n  r a t e  i n  t h e  b a s i n s  

appeared t o  va ry  a lmos t  d i r e c t l y  w i t h  t h e  w a t e r  depth ,  i n d i c a t i n g  

t h a t  most s o i l  c logg ing  took  p l a c e  a t  t h e  s u r f a c e .  For t h e  g r a v e l -  
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covered b a s i n ,  c l o g g i n g  o c c u r r e d  a t  t h e  g r a v e l - s o i l  i r l tcr facc , .  A 

u e s i r a b l r  i n u n d a t i o n  s c h e d u l e  f o r  maximizing b o t h  q u a n t i t y  and 

q u a l i t y  o f  t h e  r e c l a i m e d  w a t e r  appeared t o  be abou t  t w o  wecks 

i n u n d a t i o n  fol lowed by 10  days dryup i n  t h e  summer and 17 days 

d ryup  i n  t h e  w i n t e r .  

As t h e  was te  w a t e r  p e r c o l a t e s  downward t o  t h e  ground-water  

t a b l e ,  which a t  t h e  F lush ing  Meadows P r o j e c t  i s  a t  a  d e p t h  o f  

abou t  10  f t ,  i t  undergoes  a  d r a s t i c  q u a l i t y  improvement s o  t h a t  

i t  j o i n s  t h e  ground w a t e r  a s  r e c l a i m e d  w a t e r .  A n a l y s i s  of  t h i s  

w a t e r  pumped by t h e  3 0 - f t  deep  w e l l  i n  t h e  c e n t e r  of t h e  b a s i n  

a r e a  showed t h a t  5 t o  11 days  a f t e r  t h e  s t a r t  o f  a  new i n u n d a t i o n  

p e r i o d  a  n i t r a t e  peak of  20-30 ppm NO -N occur red .  Before  and 
3 

a f t e r  passage  o f  t h i s  peak, which i s  due t o  t h e  a r r i v a l  of  n i t r i -  

f i e d  e f f l u e n t  h e l d  a s  c a p i l l a r y  w a t e r  d u r i n g  t h e  p reced ing  dryup 

p e r i o d ,  NO -N c o n c e n t r a t i o n s  o f  about  0.2 ppm p r e v a i l e d .  S i n c e  
3 

NH -N c o n c e n t r a t i o n s  were  abou t  5  ppm ( a f t e r  a n  u n e x p l a i n a b l e  
4 

peak r e a c h i n g  1 0  ppm i n  t h e  summer) and t h e  t o t a l  N c o n c e n t r a t i o n  

i n  t h e  e f f l u e n t  was about  25 ppm, a  n i t r o g e n  removal o f  about  80 

p e r c e n t  was o b t a i n e d .  Th i s  removal d i d  n o t  occur  d u r i n g  c y c l e s  

o f  s h o r t  i n u n d a t i o n  p e r i o d s  (2  o r  3  days) ,  when a l l  t h e  n i t r o g e n  

i n  t h e  e f f l u e n t  was c o n v e r t e d  t o  n i t r a t e  i n  t h e  r e c l a i m e d  w a t e r .  

The main mechanisms f o r  t h e  n i t r o g e n  removal appeared  t o  be 

f i x a t i o n  i n  r e l a t i v e l y  s t a b l e  o r g a n i c  m a t t e r  and a d s o r p t i o n  o f  

ammonium the reon ,  and b i o d e n i t r i f i c a t i o n .  Th i s  was i n d i c a t e d  by 

l a b o r a t o r y  column s t u d i e s  ( d e s c r i b e d  e l sewhere  i n  t h i s  r e p o r t )  and 

by n i t r o g e n  a n a l y s e s  o f  t h e  s o i l  from t h e  r e c h a r g e  b a s i n s ,  which 

had abou t  1 mg N more p e r  d ry  gram o f  s o i l  t h a n  t h e  v i r g i n  s o i l '  

o u t s i d e  t h e  b a s i n s .  A f t e r  abou t  3  weeks con t inuous  i n u n d a t i o n ,  

t h e  ammonium can  be  e x p e c t e d  t o  i n c r e a s e  i n  t h e  r e c l a i m e d  wa te r ,  

and a f t e r  3 months c o n t i n u o u s  i n u n d a t i o n  n i t r o g e n  removal no l o n g e r  

t a k e s  p l a c e .  
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Biochemical oxygen demand and f e c a l  co l i form dens i ty  i n  the 

reclaimed watcr Prom the  3 0 - f t  deep cen te r  we l l  was e s s e n t i a l l y  
6 

zero (compared t o  a  BOD ol 20 mg/ l i t e r  and an MPN of 10 i n  the 

e f f l u e n t ) .  The chemical oxygen demand of t h i s  water  was about 15 

ppm, a s  compared t o  50 ppm f o r  the  sewage e f f l u e n t .  Phosphates and 

f l u o r i d e s  continued t o  be removed from the reclaimed water a s  i t  

moved l a t e r a l l y  below the  water t a b l e ,  Reclaimed water pumped a t  

a  d i s t a n c e  of 100 f t  from the  recharge bas ins  had P and F concen- 

t r a t i o n s  of 3  and 2 ppm f o r  a  r educ t ion  of 90 percent  and 60 

percent ,  r e spec t ive ly .  Assuming t h a t  a l l  P-removal i s  by formation 

of t h e  in so lub le  a p a t i t e s ,  t h i s  process can cont inue f o r  more than a  

hundred years  before adverse e f f e c t s  on the hydraul ic  conduct iv i ty  

of the a q u i f e r  could be expected, 

The boron concent ra t ion  i n  the sewage e f f l u e n t  was about 0.4 

ppm. This d id  not change as  the  water  percola ted  t.hrough the s o i l  

because the  p r o f i l e  c o n s i s t s  almost e n t i r e l y  of sands and g rave l s  

and conta ins  l i t t l e  o r  no i r o n  o r  aluminum oxides.  A concent ra t ion  

of 0.4 ppm i s  below the  range where i n j u r i o u s  e f f e c t s  on crops w i l l  

occur, even on the  more s e n s i t i v e  p l a n t s .  

The s a l t  concent ra t ion  of t he  reclaimed water  was 1060 ppm. 

This i s  4  percent  higher  than i n  the sewage eEfluent ,  which can be 

e n t i r e l y  a t t r i b u t e d  t o  evaporat ion from the  e f f l u e n t  i n  the recharge 

bas ins .  The pH of the  reclaimed water was i n  t h e  7.2-7.7 range, 

which i s  somewhat lower than the  average pH of 7.9 f o r  the sewage 

e f f l u e n t .  

In Annual Report 1968, t h e  p red ic t ion  was made (based on 

a n a l y s i s  w i t h  an e l e c t r i c  analog)  t h a t  n a t i v e  ground-water would 

be replaced by reclaimed sewage water  a t  t he  bottom of the 100-f t  

deep we l l  i n  the cen te r  of the basin a r ea  a f t e r  a  t o t a l  of 315 f t  

of e f f l u e n t  had i n f i l t r a t e d  i n t o  the  s o i l .  This i n f i l t r a t i o n  amount 

was reached on 19 Ju ly  1969 and i n  August t he  s a l t  content  i n  the 

water from the  100-f t  wel l ,  which had been i n  the  3000-4000 ppm 
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r-ingt., s t a r t e d  a s t e a d y  d e c l i n e  t o  r e a c h  1500 ppm i n  January  1970. 

Th i s  may s i g n a l  t h e  a r r i v a l  o f  r e c l a i m e d  w a t e r .  

S t u d i e s  o f  t h e  r i s e  o f  t h e  w a t e r  l e v e l  i n  t h e  o b s e r v a t i o n  

w e l l s  i n  r e s p o n s e  t o  t h e  i n f i l t r a t i o n  r a t e s  showed t h a t  t h e  h y a r a u 1 . i ~  

c o n d u c t i v i t y  of  t h e  a q u i f e r  had not changed. 

Analog a n a l y s e s  were  performed t o  p r e d i c t  underground d e t e n t i o n  

t imes  of  sewage water i n  a sys tem o f  p a r a l l e l  r e c h a r g e  s t r i p s  w i t h  

w e l l s  midway between t h e  s t r i p s .  An example a p p l y i n g  t o  t h e  hydro- 

g e o l o g i c a l  c o n d i t i o n s  o f  t h e  S a l t  R ive r  bed showed t h a t  d e t e n t i o n  

t imes  o f  a t  l e a s t  one month cou ld  be o b t a i n e d .  

Labora to ry  s t u d i e s  on u s i n g  f i l t e r e d  and u n f i l t e r e d  secondary 

sewage e f f l u e n t  on s o i l  columns showed t h a t  f i l t r a t i o n  w i t h  a mixed 

media f i l t e r  cou ld  doub le  t h e  i n f i l t r a t i o n  r a t e s ,  even w i t h  e f f l u e n t  

t h a t  appeared v e r y  c l e a r  t o  t h e  naked eye.  

A f t e r  2% y e a r s  o f  i n t e n s i v e  o p e r a t i o n  o f  t h e  F lush ing  Meadows 

P r o j e c t ,  t h e r e  a r e  no i n d i c a t i o n s  o f  d e c r e a s i n g  i n f i l t r a t i o n  r a t e s ,  

d e c r e a s i n g  h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  a q u i f e r ,  o r  a d e c l i n e  i n  

t h e  q u a l i t y  improvement a s  t h e  sewage w a t e r  moves t h r o u g h  t h e  

ground. Thus, a s  obse rved  e l sewhere ,  ground-water  r e c h a r g e  sys tems 

f o r  r e n o v a t i n g  w a s t e  w a t e r  shou ld  have a long,  u s e f u l  l i f e .  
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Table I .  T n f i l t r a t i o n  r e d u c t i o n  o n  4 December 1969 due t o  changing 

t h e  w a t e r  d e p t h  from 13 i n .  t o  7 i n .  

I n f i l t r a t i o n  r a t e  i n  f t / d a y  

Basin  

1 

2 

3 

4 

5 

6 

13 i n .  

3.25 

1.80 

2.90 

2.90 

2.25 

1.40 

7 i n .  Reduct ion f a c t o r  

1.82 0.56 

0.95 0.53 

1.40 0.48 

1.90 0.65 

1.30 0.58 

0,85 0.61 

Avg. 0.57 
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T a b l e  2. Sampling d e p t h s  fo r  F lush ing  Meadows w e l l s  and 9 l s t  

Avenue w e l l .  

1 

1 - 2 

ECW 

WCW 

5-6 

7 

8 

E a s t  Well 

9 1 s t  Avenue 

Depth i n  f t  
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Table  3. COD i n  m g / l i t e r  for v a r i o u s  w e l l s  (1969) .  

Date 1 7 EW WCW 8  91s t Avet~ue 

23 J a n  

20 Feb 

12 Mar 

26 Mar 

2  May 

6 Jun  

16 J u l  

15 Aug 

1 0  Sep 

1 0  Oct 

14  Nov 

18 Dec 
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Table  4 ,  N i t r a t e  n i t r o g e n  concentrations i n  mg N pe r  l i t e r  f o r  

v a r i o u s  w e l l s  (1969). 

Date 

33 J a n  

20 Feb 

12 Mar 

26 Mar 

2 

6  J u n  

16 J u l  

15 Aug 

1 0  Sep 

1 0  Oct 

14  Nov 

1 8  Dec 

28 Nov 

3 Dec 

9 Dec 

1 7  Dec 

22 Dec 

29 Dec 

EW WCW 9 1 s t  Avenue 

6.0 
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Table 5. Ammonium n i t r o g e n  c o n c e n t r a t i o u s  i n  mi: N p e r  l i t e r  for  

Date 

23 Jan  

20 Feb 

12 Mar 

26 Mar 

2  May 

6 J u n  

16 J u l  

15 Aug 

10 Sep 

10 Oct: 

14 Nov 

18 Dec 

28 Nov 

3 Dec 

9 Dec 

17 Dec 

21 Dec 

29 Dec 

EW WCW 91s t Avenue 
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Table  O. Aerob ic  b a c t e r i a  coun t s  i n  r e c h a r g e  b a s i n  s u i l  (1969) .  

Date 

2  J u l y  

21 J u l y  

2 1  J u l y  

Bas in  

4 ( g r a s s )  

5 ( r i c e )  

6 ( r i c e )  

6 ( r i c e )  

6 ( r i c e )  

1 ( b a r e  a r e a )  

1 ( b a r e  a r e a )  

Depth 

i n c h e s  

P o p u l a t i o n  

per  gram 

o f  d r y  s o i l  

9.2 x 10 
7 

3.7 x 10 
8 

4.2  x 10 
8 

4.3 x 10  
8 

4 . 0  x 10  
6 
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Table  7 .  To ta l  N i n  s o i l  from recharge basins  a n d  i l l  n a t u r a l  s o i l  

ad j acen t  t o  p ro j ec t  a r e a  (1969). 

Date Depth T o t a l  N i n  mg per  gram of dry s o i l  

inches 

Basin 4 Natural  s o i l  taken 
from SW corner  

8 Dec 0- 12 2.08 

12-24 1.27 

Basin 1 Natura l  s o i l  taken 
(Eas t end) from NE corner  

22 Dec 0-12 1.92 

12-24 1.85 

24-36 1.56 

36-48 0.89 

48-60 1.18 

%ample l o s t  but because N a t  12-24 inch  depth agreed with t h a t  

i n  s o i l  from SW corner ,  0.77 mg/g from SW corner  was repeated 

here .  
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T a b l e  8. P h o s p h a t e  c o n c e n t r a t i o n  i n  mg P l l i t c r  f o r  v a r i o u s  we l l s  

(1969) . 
Date 

23  J a n  

10 Feb 

11 Mar 

8 Apr 

6 May 

13 May 

26 May 

9 J u n  

7 J u l  

22 J u l  

8 Sep  

13 Oct 

1 2  Nov 

15 Dec 

WC W EW 9 1s t Avenue 

0.2 

0.0 0.0 

0.0 0.1 

0.0 0.0 

0.0 

0.2 0.3 

0.4 

0.4 

0.0 

0.2 

0.0 

0,7 

0.2 

0.5 3.5 
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Table  9. F l u o r i d e  c o n c e n t r a t i o n  i n  mg F / l i t e r  f o r  e f f l u e n t  and w e l l s  (1969).  

Date 

27 J a n  

26 A n  

4-5 Sep 

8-12 Sep 

15-19 Scp 

16-17 Oct 

17-24 O c t  

1-5 Dec 

5-8 Dec 

23-24 Dec 

29-31 Dec 

Avg. 

E f f l .  

2 .7  

5.6 

4.9 

4 . 3  

4.4 

5 .3  

4 . 9  

4 . 5  

4 . 1  

4 . 5  

4.5 

5 .0  

3.6 

4.5 

Date  

23 Jan 

20 Feb 

26 Mar 

6 Jun 

10 Sep 

10 O c t  

14  Nov 

18 Dec 

Avg . 

1-2 ECW 

3.5 1 . 9  

3 . 1  2 . 1  

2.9 2.6 

2.6 2 .3  

2.4 2.6 

2.3 2.6 

2.5 2.7 

2 .8  3 .1  

2.8 2.5 

9 1 s t  Ave. 

0 . 6  

0 . 6  

0 .6  

0.6 

0 . 6  
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Table 10. Boron concen t r a t i on  i n  mg B / l i t e r  for e f f l u e n t  a n d  w e . l . 1 ~  

(1969) . 
Date E i f l .  1 1 - 2 

23 Jan  0.40 0.38 0.39 

26 Mar 0.45 

25 Apr 0.50 0.45 

16 Jul 

15 Aug 0.50 0.50 0.50 

14 Nov 0.46 0.45 

18 Dec 0.36 0.44 

ECW 5-6 7 8 EW WCW 

0.39 0.38 0.38 0.50 

0.41 0.35 

0.40 0.39 

0.50 

0.50 0.50 0.50 

0.40 0.44 

0.46 0.45 0.44 0.47 
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Table 11. T o t a l  s a l t  concen t r a t i on  i n  e f f l u e n t  and i n  water from 

w e l l s ,  m g l l i t e r  (1969) .  

Date E f f l .  1 1-2 ECW 5-6 7 8 EW 9 1 s t  Ave. 

13-14 Jan  

23 J an  

10-11 Feb 

14-17 Feb 

10-11 Mar 

26 Mar 

14-15 Apr 

28-29 Apr 

6 May 

26-27 May 

6 Jun 

30 Jun 

8-9 J u l  

28-29 J u l  

5-6 Aug 

19-20 Aug 

9-10 Sep 

25-26 Sep 

8-10 Oct 

25-26 Oct 

14  Nov 

24 Nov 

5-8 Dec 

29-30 Dec 
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13-14 Jan  

27 J a n  

20 Feb 

10-11 Mar 

20 Apr 

6 May 

9-10 Jun 

26-2 7 Jun 

8-9 J u l  

22-23 J u l  

4-5 Aug 

19-20 Aug 

9-10 Sep 

25-26 Sep 

8-10 Oct 

23-24 Oct 

1 4  Nov 

24 Nov 

5-8 Dec 

29-30 Dec 

Table  1.2. pH of e f f l u e n t  and w a t e r  from we1.1~ (1969).  

Date E f f l .  1 1-2 ECW 5-6 7 8 EW WCW 9 1 s t A v e .  
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Table 13. 

NO -peaks 
3 

17 J a n  

12 Feb 

13 Mar 

25 Sep 

21 Oct 

26 Nov 

30 Dec 

Occurence of d i s t i n c t  n i t r a t e  peaks  i n  ECW i n  r e l a t i o n  

t o  s t a r t  of  i n u n d a t i o n  p e r i o d  and a v e r a g e  inf-i.1 t r a t i o n  

r a t e  (1969). 

Number o f  days 
a f t e r  s t a r t  of 

i n u n d a t i o n  

Average Number of  days 
i n f i l t r a t i o n  t imes  
r a t e ,  f t / d a y  i n f i l t r a t i o n r a t e  

0.83 9.1 

1.12 10.1 

1.00 10.0 

1.65 13.2 

1.98 11.9 

2.50 12.5 

1.94 13.6 

Avg . 11.5 
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Table  14. Average h y d r a u l i c  c o n d u c t i v i t y  and i n f i l t r a t i o n  r a t e s  

f o r  f i l t e r e d  and u n f i l t e r e d  columns b e f o r e  sewage 

w a t e r  was a p p l i e d .  

K ,  cm/min 
Depth, cm I, cm/min 

- -- 

U n f i l t e r e d  .093 .084 .097 ,092 .096 

F i l t e r e d  .087 .076 . l o 0  .090 ,096 
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Table  15. Pe rcen t  r e d u c t i o n  i n  h y d r a u l i c  c o n d u c t i v i t y  and 

i n f i l t r a t i o n  r a t e s  a f t e r  sewage w a t e r  was a p p l i e d  

t o  columns. 

U n f i l t e r e d  F i l t e r e d  

2  Oct 8 6  65 68 77 79 4 0  4 5  75 78 69 

7  Oct 8  39 68 71 50 28 47 62 75 74 

24 Nov 1 0  44 6 0  70 54 29 4 1  58 71  59 

4  Dec 3.4 38 6 1  77 4 5  16 30 62 71 60 

16 Dec 4.3 39 52 68 45 25 4 1  59 64 60 

24 Dec 0.3 30 6 1  66 12  12 30 55 63 5 3  
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WELL No. 
/\ 

e f f l u e n t  pond 

s t r u c t u r e  

s u p p l y  l i n e  

f l u m e  

g r a v e l  dam 

I * , , , [  , , , , ,  
0  50 1 0 0  m e t e r s  B .--I 

d r a i n a g e  l i n e  

l i n e d  
ponds  

u n l i n e d  
pond 

E a s t  W e l l  

a8 

Figure 1, Plan o f  Flushing Meadows P ro j ec t .  
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R A I N  
I N/DAY 

0 

B A S I N  2 

B A S I N  6 -4% WATER DEPTH 13 INCHES 

- .-- _ _  
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. O C T .  N O V .  DEC. 

Figure  2. I n f i l t r a t i o n  r a t e s  i n  b a s i n s  and r a i n f a l l  f o r  1969. 
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NOV. DEC. 

Figure 3 .  Accumulated infiltration in basins for 1969. 

Annual Report of the U.S. Water Conservation Laboratory



PRESSURE HEAD - C M  WATER 

F i g u r e  4. 

B A S I N  2 B A S I N  6 

15 OCT. -0- --0-- 

17 OCT. - - - e - -  

P r o f i l e s  o f  s o i l - w a t e r  p r e s s u r e  head i n  b a s i n s  2 and 6.  
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VOLUMETRIC WATER CONTENT 

B A S I N  2 BASIN 6 

22OCT.  - O- - - 0 --- 

29 OCT. -A- 

F i g u r e  5. P r o f i l e s  o f  s o i l - w a t e r  c o n t e n t  i n  b a s i n s .  

Annual Report of the U.S. Water Conservation Laboratory



PRESSURE H E A D  - CM WATER 

B A S I N  2 B A S I N  6 

17 OCT. - --9-- 

29 OCT. - O- -- o-- 

F i g u r e  6. P r o f i l e s  o f  s o i l - w a t e r  p r e s s u r e  head i n  b a s i n s  2 and 6. 
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1- I n s u l a t e d  s a m p l e  c o n t a i n e r  

4' FILLING POSITION 

v - 
EMPTYING POSITION 

Figure 7. Schematic of continuous sampler. 
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- -0- - COD OF INFLUENT - C O D  OF E C W  - COD OF W E L L  1-2 
--&- C O D  OF W E L L  5 - 6  

B O D 5 0 F  E C W  

0 
Q 0 0 0 0 

" ' 1 ' ~ " ' , ' , ' , ' , '  
" t ' ~ " " ' ~ ' , ' , ' , ' , " '  

JAN. F E B .  M A R .  APRIL M A Y  JUNE JULY  AUG. SEPT. A U G .  N O V .  DEC.  

Figure  8. COD o f  i n f l u e n t  and rec la imed  water. 
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I I - - - 7 - 
- 7 - - -  - - - - - -  

- -..-.--- --- 
I N U N D A T I O N  P E R I O D S  

/------ -T--- - -  - 

B A S I N S  1,2,3,& 4 \ B A S I N S  5 8 6  

Figure 9. Nitrogen i n  i n f l u e n t  and reclaimed water  from ECW. 
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I I 

/ I 
J I __o___ N O g - N  OF E C W  

J I --A-- NO,- N  O F  W E L L  1-2 

DEC. 

Figure 10. N i t r a t e  n i t rogen  i n  reclaimed water .  
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- -.- - INFLUENT - ECW 

-9 W E L L  1-2 
- -A- - W E L L  5-6  

F i g u r e  11. Phosphates i n  i n f l u e n t  and rec la imed  w a t e r .  
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-- @+ -- I N F L U E N T  

--g- W E L L  I 

-0- W E L L  7 
--A-- W E L L  8 

F i g u r e  1 2 .  Phosphates i n  i n f l u e n t ,  r ec la imed  wate r ,  and n a t i v e  ground w a t e r .  
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WEST CENTER WELL 

1969 

l . ~ * l l ~ . , , , , ~  . , , , , !  , , , , , , , , , ,  1 , , , 1 1 , , , 1 , ~  , I , I , I , , ' ~ ,  
I I I 

J A N .  F E B .  M A R .  APRIL M A Y  J U N E  J U L Y  A U G .  SEP. OCT. N O V .  O E C .  

Figure 13. S a l t  concentrat ion of WGW water. 
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J IOC 

= 7c 
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30 
0 
0 

,. 
W 
Or: 
3 

20 
Or: 
W 
0, 

H 4.- INFLUENT 
w -0- RUN-OFF 
I- a- EAST CENTER WELL 

10 * WEST CENTER WELL 

t 1 

JAN. F E E .  MAR APRIL MAY JUNE JULY AUO. SEPT.  OCT. NOV.  DEC. 

Figure 15. Temperature o f  i n f l u e n t  and ground water .  
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WATER LEVEL 
IN E C W  

WATER DEPTH 
CHANGE FROM 

a > 13 TO 7 INCHES 
W INUNDATION 
-1 
W 

2 0  2 5 3 0  5 10 15 

DECEMBER 1969 

Figure 16. Response of water  l e v e l  i n  ECW t o  i n f i l t r a t i o n .  
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ELL NO. I 1-2 E C W  5-6 7 8 

v STREAM L E V E L  - - 

I I 1 1 I I 
200 80 0 80 200 400 

DISTANCE IN FEET FROM CENTER 

Figure  17. Water l e v e l  p r o f i l e s  i n  obse rva t i on  w e l l s .  
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C H A R G E  STR I P S  --A 

PLAN 

C R O S S  SECTION 6 - G  

Figure 18. "an and c r o s s - s e c t i o c  of two p a r a l l e l  recharge  s t r i p s  w i t h  w e l l s  
midway between s t r i p s .  
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Figure 19,  Streamlines and equipotentials (feet above water table 
adjacent to well) for parallel recharge strips with 
wells midway between strips, 
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To manometer 

P I I Porous ceramic 

Figure 21. Schematic of tensiometer .  

connected to 

Hale tubirlg connector 
bored throush 

tubing with 

epoxy 
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Figure 22, , Schematic of filtration experiment. 
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F i g u r e  23. Hydrau l i c  c o n d u c t i v i t y  a t  d i f f e r e n t  d e p t h s  and 
i n f i l t r a t i o n  r a t e s  f o r  f i l t e r e d  and u n f i l t e r e d  
columns, 

2-78 

ss F I L T E R E D  
0 UNFILTERED 

I I I I I I I 
10 20 10 20 10 20 30 

O C T .  N O V .  D E C .  

D A T E  
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0 2 0 30 4 0 
HEAD LOSS, cnr 

F i g u r e  24. Head l o s s  i n  columns f o r  t a p  w a t e r  and  f i l t e r e d  and 
u n f i l t e r e d  e f f l u e n t  (curve  parameter  days a f t e r  s t a r t  
o f  i n u n d a t i o n  p e r i o d ) .  
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TITLE : COLUNN STUDJES OF THE CHEMICAL, pHYSICAL AND 

BIOLOGICAL PROCESSES OF WA$TEWATER RENOVATION 

BY PERCOLATION THROUGH THE SOIL 

CRIS WORK UNIT: SWC-012-gG-1 CODE N O . :  Ariz-WCL 68-3 

INTRODUCTION: 

The s o i l  columns d e s c r i b e d  i n  t h e  1968 Annual Report  were 

i n t e r m i t t e n t l y  f looded  w i t h  secondary  sewage e f f l u e n t  from t h e  

9 1 s t  Avenue t r e a t m e n t  p l a n t  i n  Phoenix,  Arizona,  d u r i n g  a l l  of 

1969. The r e s e a r c h  emphasis d u r i n g  t h i s  p e r i o d  was on oxygen 

use  and movement and n i t r o g e n  removal from t h e  sewage d u r i n g  

f l o o d i n g  p e r i o d s  of v a r y i n g  l e n g t h s  of t ime.  Two major  o b j e c t i v e s  

were t o  de te rmine  t h e  most impor tan t  mechanisms of oxygen movement 

i n t o  t h e  s o i l  c?nd n i t r o g e n  removal from t h e  sewage w a t e r .  

PART I. CHEMICAL AND BIOLOGICAL PROCESSES DURING RENOVATION 

PROCEDURE : 

S i x  columns of m a t e r i a l  from t h e  b a s i n s  a t  F l u s h i n g  Meadows 

were packed i n  t h e  l a b o r a t o r y .  E f f l u e n t  c o l l e c t e d  a t  F l u s h i n g  

Meadows from t h e  9 1 s t  Avenue t r e a t m e n t  p l a n t  was p a s s e d  th rough  

t h e  columns. Each column c o n s i s t s  of a 2.75-meter l e n g t h  of 

10-cm (1.D.) p o l y v i n y l  c h l o r i d e  p i p e  f i l l e d  w i t h  6  cm of  pea  

g r a v e l  a t  t h e  bot tom and 250 cm of  f i n e  sand above t h a t .  The a i r -  

d ry  s o i l  was packed t o  an average  b u l k  d e n s i t y  of 1 . 6  g / c c .  

A c o n s t a n t  head of 8  cm of w a t e r  was main ta ined  above t h e  

s o i l  by means of a  M a r i o t t e  s iphon .  The p i p e  was capped LO cm 

above t h e  l e v e l  of t h i s  c o n s t a n t  head.  Th is  space  above t h e  l e v e l  

of t h e  head was f i l l e d  w i t h  w a t e r  a t  t h e  beg inn ing  of t h e  f l o o d i n g  

p e r i o d  i n  o r d e r  t o  p r o v i d e  a  volume of w a t e r  h e l d  a t  a  s l i g h t  

n e g a t i v e  p r e s s u r e  when t h e  p i p e  was s e a l e d  ( F i g u r e  1 ) .  The a i r  

bubb l ing  from t h e  t o p  of t h e  s o i l  column d u r i n g  f l o o d i n g  was 

c o l l e c t e d  when i t  d i s p l a c e d  t h i s  w a t e r  and pushed i t  back through 

t h e  s i p h o n  tube .  T h i s  a i r  volume was sampled and measured by 
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withdrawing i t  through a  serum cap i n  t h e  t ~ p  of t h e  c ~ l u m n  w i t h  

a s y r i n g e .  A c o n s t a n t  w a t e r  l e v e l  w a s  n la inta ined 5  cm above t h e  

lower end of t h e  colunm, and a i r  f o r c e d  o u t  t h e  bottom w a s  c o l l e c t e d  

through a  tube i n s e r t e d  i n t o  t h e  g r a v e l  l a y e r  j u s t  above t h i s  wa te r  

' ' t a b l e . "  T h i s  a i r  was c o l l e c t e d  by d i sp lacement  of w a t e r  f r o n  a  

b o t t l e  connected t o  a c o n s t a n t  head d e v i c e .  The a i r  was sampled 

through a  serum cap i n  t h e  b o t t l e ,  and i t s  volume was measured 

by weighing t h e  w a t e r  d i s p l a c e d  from t h e  b o t t l e .  

The f low r a t e  and cumula t ive  flow through t h e  columns were 

measured by weighing t h e  column e f f l u e n t  a t  r e g u l a r  t ime  i n t e r v a l s .  

The sewage w a t e r  and column e f f l u e n t  were ana lyzed  p e r i o d i c a l l y  
4- 

f o r  NO;, NH4, COD, and o r g a n i c  N.  The a i r  c o l l e c t e d  from t h e  

columns was ana lyzed  f o r  0  
2  N 2 ,  N20, and CH w i t h  a model 900 4 

Perkin-Elmer g a s  chromatograph equipped w i t h  a  p r e c i s i o n  sampling 

v a l v e ,  a  molecu la r  s i e v e  column, and a  Poropak Q column. Standard 

c u r v e s  were p r e p a r e d  u s i n g  purchased s t a n d a r d  gas  m i x t u r e s .  

The columns were o p e r a t e d  f o r  8 c o n s e c u t i v e  c y c l e s  of 2-days 

f l o o d i n g  and 5-days d r a i n a g e ,  6  c y c l e s  of 9-days f l o o d i n g  and 

5-days d r a i n a g e ,  and 4 c y c l e s  of 16-days f l o o d i n g  and 5-days 

d r a i n a g e .  Two columns were f looded  c o n t i n u o u s l y  f o r  115 days 

and two o t h e r s  f o r  30 days .  

Oxygen movement i n t o  t h e  columns by mass f low was c a l c u l a t e d  

by assuming t h a t  t h e  w a t e r  d r a i n e d  from t h e  columns d u r i n g  t h e  

d r a i n a g e  o r  d r y  p e r i o d s  was r e p l a c e d  by an e q u a l  volume of  a i r .  

Oxygen movement i n t o  t h e  c o l u m s  by d i f f u s i o n  was measured by 

s t o p p i n g  t h e  column d r a i n a g e  f o r  p e r i o d s  of 1 t o  3  hours  w h i l e  

t h e  top  of t h e  column was capped. The oxygen d e p l e t i o n  i n  

t h e  a i r  space  above t h e  s o i l  was measured by chromatographic  

a n a l y s i s  of samples t a k e n  a t  t h e  beg inn ing  and end of t h i s  t ime.  

The oxygen d i f f u s i o n  r a t e  was determined i n  t h i s  manner f o r  

s e v e r a l  p o i n t s  d u r i n g  t h e  5-day d r a i n a g e  p e r i o d s  and p l o t t e d  
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vs ,  t ime ( F i g u r e  2 ) .  The a r e a  under t h e  curve  r e p r e s e n t e d  t h e  

t o t a l  amount of oxygen d i f f u s i n g  i n t o  t h e  column f o r  t h e  5-day 

p e r i o d s .  

RESULTS AND DISCUSSION: 

A. Two-day f l o o d i n g  c y c l e s ,  A l a r g e  n i t r a t e  "wave" was 

produced by t h e  columns soon a f t e r  t h e  beg inn ing  of t h e  f l o o d i n g  

c y c l e  ( F i g u r e  3) .  The NO- c o n t e n t  d e c l i n e d  t o  a lmost  z e r o  n e a r  3 
t h e  end of t h e  2-day f l o o d i n g  p e r i o d  and remained low d u r i n g  

t h e  d r a i n a g e  p e r i o d .  Th is  p a t t e r n  was r e p e a t e d  f o r  each of 

t h e s e  c y c l e s  w h i l e  t h e  NH' and. o r g a n i c  N remained a t  a  low 
4 

l e v e l  (<  0.5 ppm). About 90 p e r c e n t  of t h e  n i t r o g e n  e n t e r i n g  t h e  

columns i n  t h e  sewage w a t e r  was i n  t h e  d form, b u t  a lmost  a l l  
4 

of t h i s  was o x i d i z e d  t o  NO- and passed through.  3 
Nit rogen  was a p p a r e n t l y  removed from t h e  w a t e r  d u r i n g  t h e  

last h a l f  o f  t h e  f l o o d i n g  p e r i o d  and s t o r e d  i n  t h e  column. T h i s  

cou ld  be t i e d  up i n  m i c r o b i a l  c e l l s  and /or  h e l d  by t h e  s o i l  i n  

some weakly adsorbed form. Th is  n i t r o g e n  was n i t r i f i e d  d u r i n g  

t h e  d r a i n a g e  p e r i o d  and e m i t t e d  from t h e  column as NO- when 
3 

t h e  columns were s u b s e q u e n t l y  f l o o d e d .  The n i t r o g e n  b a l a n c e  

i n d i c a t e d  t h a t  t h e  t o t a l  amount of n i t r o g e n  i n  t h e  column e f f l u e n t  

was about  t h e  same a s  t h e  t o t a l  amount o f  n i t r o g e n  e n t e r i n g  t h e  

column i n  t h e  sewage w a t e r  (Table  1 ) .  The t o t a l  amount of 

n i t r o g e n  i n  t h e  a i r  f o r c e d  from t h e  columns d u r i n g  f l o o d i n g  w a s  

a l s o  about  e q u a l  t o  t h e  n i t r o g e n  i n  t h e  a i r  which e n t e r e d  t h e  

column d u r i n g  d r a i n a g e  (Table  2 ) .  

B.  Nine-day f l o o d i n g  c y c l e s .  When t h e  columns were f looded  

f o r  9-day p e r i o d s ,  t h e  p a t t e r n  of n i t r a t e  peaks  was s i m i l a r  t o  

t h a t  of t h e  2-day p e r i o d s ,  b u t  t h e  peaks  were f a r t h e r  a p a r t  

( F i g u r e  4 ) .  Consequent ly ,  more l o w - n i t r a t e  w a t e r  was c o l l e c t e d  
f 

from t h e  columns. The NH4 a l s o  reached a  peak soon a f t e r  f l o o d i n g  

and g r a d u a l l y  d e c l i n e d  throughout  t h e  f l o o d i n g  p e r i o d .  The t o t a l  
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anlount of n i t r o g e n  i n  t h e  column e f g l u e n t  was about  30 p e r c e n t  

l e s s  t h a n  t h e  t o t a l  n i t r o g e n  o f  t h e  incoming sewage 'water  (Table  l ) ,  

The amount of n i t r o g e n  i n  t h e  a i r  f o r c e d  from t h e  columns was abou t  

t h e  same a s  t h e  amount e n t e r i n g  i n  t h e  a i r  (Table  2). It i s  

p o s s i b l e  t h a t  some n i t r o g e n  was produced i n  t h e  columns d u r i n g  

f l o o d i n g  and t h e n  d i f f u s e d  o u t  d u r i n g  t h e  d r y  p e r i o d .  T h i s  

amount would have t o  be small, however, because  n i t r o g e n  gas  i n  

l a r g e  q u a n t i t i e s  would e i t h e r  bubble  o u t  through t h e  w a t e r  o r  

cause  t h e  columns t o  c l o g .  
+ 

C.  Sixteen-day f l o o d i n g  c y c l e s .  The NO- and NH fol lowed 
3 4 

about  t h e  same p a t t e r n  f o r  t h e  16-day f l o o d i n g  c y c l e s  a s  f o r  t h e  

9-day c y c l e s  ( F i g u r e  5). The t o t a l  amount of n i t r o g e n  i n  t h e  

column e f f l u e n t  was abou t  50 p e r c e n t  of t h e  incoming n i t r o g e n  of 

t h e  sewage w a t e r  f o r  t h e  f i r s t  c y c l e .  When s e v e r a l  c y c l e s  were 

r u n  c o n s e c u t i v e l y ,  t h e  p e r c e n t a g e  n i t r o g e n  removal was c o n s i d e r a b l y  

reduced (Table  1 ) .  The amount of n i t r o g e n  i n  t h e  a i r  f o r c e d  from 

t h e  columns was s l i g h t l y  g r e a t e r  t h a n  t h e  amount of n i t r o g e n  

i n  t h e  incoming a i r  (Table  2). This  i n d i c a t e s  some d e n i t r i f i -  

c a t i o n ,  b u t  does  n o t  account  f o r  v e r y  much n i t r o g e n  l o s s .  

D.  Continuous f l o o d i n g .  Under con t inuous  f l o o d i n g  t h e  

g r e a t e s t  n i t r o g e n  removal o c c u r r e d  from 2 t o  20 days ;  it t h e n  

decreased  r a p i d l y  from 20 t o  35 days  and g r a d u a l l y  d e c r e a s e d  

from 35 t o  80 days when removal ceased  ( F i g u r e  6 ) .  The i n f i l t r a t i o n  

r a t e  was s t e a d y  f o r  abou t  30 days and t h e n  g r a d u a l l y  decreased  

through t h e  end of t h e  y e a r  u n t i l  t h e  p r e s e n t  t ime ( F i g u r e  8). 

Two o t h e r  columns which were f looded  f o r  30 days  showed t h e  same 

t r e n d  t o  t h a t  p o i n t  ( F i g u r e  7 ) .  

E .  Ni t rogen  removal from sewage w a t e r ,  About one h a l f  of 

t h e  w a t e r  c o l l e c t e d  from t h e  columns d u r i n g  t h e  2-day f l o o d i n g  

p e r i o d s  was low i n  n i t r o g e n ,  even though t h e  n i t r o g e n  removal 

f o r  t h e  whole c y c l e  was z e r o .  Th is  was due t o  t h e  c o n c e n t r a t i o n  
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of most of t he  n i t rogen  from the  sewage water  i n t o  about one 

h a l f  of t h e  valume ox t he  water  leav ing  the  coLumns (Figure 3 ) ,  

From 30 t o  50 percent  of t h e  n i t rogen  was removed from the  

incoming sewage water  during the long f looding  c y c l e s ,  and about 

one h a l f  of t he  remaining n i t r o g e n  was concentrated i n  about 

LO percent  of t he  t o t a l  volume of water  l eav ing  t h e  columns 

(Figures  4 and 5 ) .  Consequently, most of t h e  water  c o l l e c t e d  

during t h e  long cyc le s  contained l e s s  than 10 ppm t o t a l  n i t rogen  

whi le  t he  incoming sewage water  contained about 25 ppm t o t a l  

n i t rogen .  

Much of t h e  n i t rogen  removed from the  sewage water  was 

he ld  by t h e  s o i l  i n  a  form which could be n i t r i f i e d  during the  

dry pe r iods ,  a s  evidenced by the  very high n i t r a t e  concent ra t ions  

of t h e  water  c o l l e c t e d  from t h e  columns soon a f t e r  f looding .  

F. Nitrogen removal processes .  The fol lowing processes  

were considered i n  a t tempt ing  t o  account f o r  t he  n i t rogen  removal 

by the  s o i l  columns: (1) d e n i t r i f i c a t i o n ,  (2) v o l a t i l i z a t i o n  

Of 

(3) inco rpora t ion  i n t o  microbia l  t i s s u e ,  (4 )  adsorp t ion  

of NH by the  c l a y  f r a c t i o n ,  and (5) adsorp t ion  of NH by 4 3 
organic  ma t t e r .  

Gas was emit ted from t h e  columns s e v e r a l  days a f t e r  t h e  

f looding  began i n  some cases .  It was d i f f i c u l t  t o  t e l l ,  however, 

i f  t h i s  was r e l e a s e  of entrapped a i r  o r  product ion of n i t rogen .  

The amounts of gas r e l e a s e d  during t h e  9-day f lood ing  per iods  

were smal l  and the  n i t rogen  balance f o r  the  a i r  i n d i c a t e d  no 

N product ion by t h e  columns (Table 2 ) .  The n i t rogen  balance of 
2  

t he  a i r  forced from t h e  columns during the  16-day f looding  

pe r iods  did i n d i c a t e  some N product ion.  The n i t r o g e n  accounted 
2 

f o r  by t h i s  N would moun t  t o  only 10 t o  20 pe rcen t  of t h e  
2 

t o t a l  amount of n i t rogen  removed by t h e  f i r s t  two 16-day f looding  

cyc le s ,  however. Analyses of a i r  samples taken near  t h e  end of 
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t he  f i r s t  day o$ f looding  showed an 0 content  of 1 t o  2 pe rcen t ,  
2  

i n d i c a t i n g  t h a t  the  columns had a l r eady  been deple ted  of 0 
t 2 ' 

This means t h a t  most of  the  NH e n t e r i n g  the  columns a f t e r  the 4 
f i r s t  day c ~ u l d  no t  be n i t r i f i e d  and, consequent ly,  could not  be 

d e n i t r i f i e d ,  F igures  show t h a t  n i t rogen  remaval occurs  a f t e r  

t h e  f i r s t  day and is t h e r e f o r e  due t o  some r e a c t i o n  involv ing  
+ 

NH i n  an anaerobic environment. The sevage water  does conta in  4 
about 1 ppm NO and 2 pprn d i s so lved  oxygen. Some n i t r a t e  then 

3 
can be produced and reduced t o  N Large amounts of gas were 

2  ' 
not  emi t ted  from the  columns even when they were flooded f o r  

more than 100 days and l a r g e  amounts could n o t  have c o l l e c t e d  

i n  t he  columns without  causing clogging. 

Some NH could be v o l a t i l i z e d  s i n c e  the  sewage water  
3 

e n t e r s  t he  columns a t  a  pH of 7.8 t o  8.2.  The a i r  forced from 

the  columns was bubbled through b o r i c  a c i d ,  however, and no 

ammonia l o s s  was de t ec t ed .  NH l o s s  by d i f f u s i o n  was a l s o  no t  
3 

detec ted  during the  dry per iod .  

The inco rpora t ion  of n i t r o g e n  i n t o  microbia l  c e l l s  undoubtedly 

occurs ,  bu t  t he  ex t en t  of t h i s  removal i s  l i m i t e d  by t h e  a v a i l a b l e  

carbon. The COD of t h e  sewage water  is reduced from about 40 pprn 

t o  20 ppm, which is  equ iva l en t  t o  t h e  removal of about 8 ppm carbon. 

Since t h e  C:N r a t i o  of mic rob ia l  t i s s u e  v a r i e s  from 5 : l  t o  10:1, 

a  maximum of 1 pprn n i t r o g e n  could be incorpora ted  i n t o  microbia l  

t i s s u e .  The a c t u a l  amount is  l e s s  than 1 pprn because some of 

t h e  carbon i s  evolved a s  CO 
2 ' 

The s o i l  used i n  t he  columns was removed from t h e  recharge 

bas ins  a t  Flushing Meadows where t h e  c l ay  content  i s  2  t o  3 
+ 

pe rcen t .  The NH absorbing capac i ty  of t he  s o i l  was probably 4 
s a t u r a t e d  by the  200 f e e t  of sewage water p rev ious ly  i n f i l -  

+ 
t r a t e d  through i t  dur ing  f i e l d  experiments.  Also, t h e  NH4 

tt. Si- 
would have t o  compete wi th  o t h e r  i ons  such a s  Ca , Mg , and 
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t Na f o r  any a b s o r p t i o n  s i t e s  which might be a v a i l a b l e ,  There- 

f o r e ,  n i t r o g e n  removal by t h i s  mechanism was p robab ly  v e r y  s l i g h t .  

The chemical  a d s o r p t i o n  of NH on o r g a n i c  m a t t e r  cou ld  
3 

account  f o r  t h e  removal of a  l a r g e  amount of n i t r o g e n  from t h e  

sewage w a t e r .  Th i s  r e a c t i o n  o c c u r s  under b o t h  a e r o b i c  and 

a n a e r o b i c  c o n d i t i o n s ,  b u t  p r i m a r i l y  above pH 7 .  Broadbent 

e t  a l .  (1) h a s  sugges ted  t h a t  quinones  produced by t h e  o x i d a t i o n  

of polyphenols  a r e  normal ly  p r e s e n t  i n  s o i l s  and may account  

f o r  NH f i x a t i o n  under  a n a e r o b i c  c o n d i t i o n s .  He f u r t h e r  s u g g e s t s  
3 

t h a t ,  when t h e s e  a c t i v e  groups  have been consumed, t h i s  r e a c t i o n  

w i l l  c o n t i n u e  o n l y  when new groups  a r e  produced by o x i d a t i o n .  

T h i s  cou ld  e x p l a i n  why t h e  n i t r o g e n  removal c e a s e s  a f t e r  l o n g  

p e r i o d s  o f  f l o o d i n g  (F igure  6 ) .  F u r t h e r  r e s e a r c h  w i l l  be needed 

t o  determin.e i f  t h e  n i t r o g e n  removal can be r e j u v e n a t e d  by 

o x i d a t i o n  and t o  s t u d y  t h e  e x t e n t  and form of t h e  n i t r o g e n  

r e t a i n e d  i n  t h e  s o i l .  

G .  Oxygen movement i n t o  s o i l  columns. The amount of 0  
2 

e n t e r i n g  t h e  columns by d i f f u s i o n  was about  1 . 5  t imes  a s  much 

a s  by mass f low f o r  5-day p e r i o d s  f o l l o w i n g  2 days  of f l o o d i n g  

and t w i c e  a s  much a s  mass f l o w  f o r  5 days f o l l o w i n g  a  9-day 

f l o o d i n g  p e r i o d  (Table  3 ) .  The amount of oxygen e n t e r i n g  by 

t h e  two mechanisms would be  about  t h e  same f o r  a 3-day d ry  p e r i o d .  

The l o n g  f l o o d i n g  p e r i o d s  e v i d e n t l y  b u i l t  up a  l a r g e r  oxygen 

"s ink"  i n  t h e  columns t h a n  d i d  t h e  s h o r t  p e r i o d s .  Most o f  t h e  
+ 

oxygen e n t e r i n g  t h e  column i s  u t i l i z e d  i n  t h e  o x i d a t i o n  of NHL 

t o  NO; (Table  4 ) .  T h i s  produces  t h e  h i g h  n i t r a t e  c o n c e n t r a t i o n s  

e m i t t e d  from column d u r i n g  t h e  f i r s t  2 days of f l o o d i n g .  The 

oxygen u t i l i z a t i o n  d u r i n g  t h e  9-day f l o o d i n g  p e r i o d s  a p p e a r s  t o  

exceed t h e  oxygen e n t r y .  Th is  is  probab ly  due t o  a  r e d u c t i o n  i n  

COD by a n a e r o b i c  b a c t e r i a  w i t h o u t  t h e  u t i l i z a t i o n  of a tmospher ic  

oxygen. There  may a l s o  be some e x p e r i m e n t a l  e r r o r  i n  t h e  n i t r a t e  
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a n a l y s e s  due t o  o x i d a t i o n  ot. NH' w h i l e  t h e  columns e f f l u e n t  was 
4 

b e i n g  c o l l e c t e d .  

PART XI. FKYSICAL PROCESSES DURING RENOVATION 

PROCEDURE : 

I n  a d d i t i o n  t o  t h e  s i x  columns r e p o r t e d  i n  l a s t  y e a r ' s  

Annual Repor t ,  two more columns were c o n s t r u c t e d  i n  which e i g h t  

t e n s i o m e t e r s  and b l a c k  p la t inum e l e c t r o d e s  were i n s t a l l e d .  

F igure  9 shows t h e  r e l a t i v e  p o s i t i o n s  of t h e  t e n s i o m e t e r s  and 

e l e c t r o d e s .  The g roup ing  of f o u r  s e t s  between 30 and 60 cm w a s  

made because ,  from independen t  measurements,  i t  was determined 

t h a t  t h e  h e i g h t  of c a p i l l a r y  r i s e ,  o r  f r i n g e ,  would b e  about  

50 cm. It seems d e s i r a b l e  t o  g e t  measurements b o t h  above and 

below t h e  c a p i l l a r y  f r i n g e ,  s i n c e  t h i s  zone is  e s s e n t i a l l y  

s a t u r a t e d  d u r i n g  b o t h  d r a i n a g e  and i n f i l t r a t i o n .  

The b l a c k  p l a t i n u m  e l e c t r o d e s  were made by d r i l l i n g  a s m a l l  

h o l e  i n  t h e  end of a 2-inch p i e c e  o f  b r a z i n g  r o d ,  i n t o  which 

abou t  a 1-cm p i e c e  of #22 p l a t i n u m  w i r e  was s o l d e r e d .  A p i e c e  

of s h r i n k a b l e  p l a s t i c  i n s u l a t i o n  was h e a t e d  o v e r  t h e  o u t s i d e  o f  

t h e  r o d ,  and epoxy was smoothed o v e r  t h e  s o l d e r e d  end  as a f i n a l  

i n s u l a t i o n .  The p robes  were p l a t i n i z e d  a f t e r  t h e  manner of 

Quispe l  ( 2 ) .  They were s t a n d a r d i z e d  o v e r  a pH 4 b u f f e r ,  u s i n g  

a Beckman Expandomatic SS-2 pH. mete r .  Any probe which was o f f  

by more t h a n  - + 1 0  mv was d i s c a r d e d .  

The t e n s i o m e t e r s  were made from e i t h e r  150- o r  300-cm H 0 
2 

bubbl ing  p r e s s u r e  ceramic .  Th is  ceramic  was epoxied o n t o  t h e  

end of a p i e c e  of copper  t u b i n g .  The h i g h e r  bubbl ing  p r e s s u r e  

ceramic  was used a t  t h e  t o p  of t h e  column. The t e n s i o m e t e r s  were 

a l l  f i l l e d  w i t h  w a t e r  and connected t o  a p r e s s u r e  t r a n s d u c e r  by 

means of a S c a n i v a l v e .  The t r a n s d u c e r  o u t p u t  was recorded  on 

a H Azar Leeds and Northrup r e c o r d e r .  
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These columns w i l l  be r e f e r r e d  t o  a s  c ~ l u m n s  7 and 8 i n  

t h i s  r e p o r t .  

RESULTS AND DISCUSS I O N  : 

S e v e r a l  c y c l e s  of 1-, 2-, and 3-week d u r a t i o n  i n  which a  

d r a i n a g e  t i m e  of 5  days i s  k e p t  c o n s t a n t  have been r u n  f o r  

columns 1 - 6 .  The r e s u l t s  a r e  g i v e n  i n  a n o t h e r  s e c t i o n  of t h i s  

r e p o r t .  The f i n d i n g s  p o i n t  o u t  t h a t  d u r i n g  t h e  3-week c y c l e  

t h e r e  is  perhaps  something happening t o  t h e  n i t r o g e n  t h a t  w e  

cannot  account  f o r .  Columns 7  and 8 were run f o r  s e v e r a l  3-week 

c y c l e s  and f i n a l l y  a  4-week c y c l e .  The r e s u l t s  of t h e  l a s t  two 

c y c l e s  w i l l  be d i s c u s s e d .  

On 25 November columns 7 and 8  were inunda ted .  F i g u r e s  

1 0  and 11 show t h e  redox  p o t e n t i a l  f o r  s e v e r a l  p o s i t i o n s  i n  t h e  

columns f o r  26 November t o  11 December when t h e  columns were 

d r a i n e d .  The i n f l u e n t  had a pH of  abou t  8 ;  t h e r e f o r e ,  a v a l u e  

of +300 mv was added t o  a l l  t h e  m i l l i v o l t  r e a d i n g s  t o  c o r r e c t  

t o  a pH of 7  and a  hydrogen e l e c t r o d e .  It i s  obvious  from comparing 

t h e s e  two f i g u r e s  t h a t  columns 7  and 8 a c t  d i f f e r e n t l y .  I n  g e n e r a l ,  

t h e  redox  p o t e n t i a l  dropped a t  a l l  p o i n t s  i n  column 7  d u r i n g  t h e  

e n t i r e  i n u n d a t i o n  p e r i o d .  (The r e s u l t s  f o r  t h e  p o s i t i o n s  n o t  shown 

a r e  s i m i l a r  t o  t h o s e  shown and a r e  l e f t  o u t  f o r  c l a r i t y ' s  s a l e . )  

I n  column 8 a f t e r  1 December t h e  p o t e n t i a l  a t  60 cm s t a r t e d  t o  

r ise;  t h e n  a f t e r  t h e  5 t h  t h e  p o t e n t i a l  a t  50 cm s t a r t e d  t o  r i s e .  

T h i s  zone s p r e a d  downward t o  t h e  30-cm t e n s i o m e t e r  by t h e  1 1 t h .  

No gaseous  l o s s e s  were  d e t e c t e d  a t  e i t h e r  end of t h e  column. 

The f l u x e s  of w a t e r  through t h e s e  columns a r e  shown i n  

F i g u r e  1 2 .  As can be s e e n ,  t h e  f l u x  i n  column 8 s t a r t e d  o u t  

h i g h e r  than  column 7 ,  b u t  ended up lower by 11 December. Th i s  

would l e a d  one t o  s u s p e c t  t h a t  something,  pe rhaps  d e n i t r i f i c a t i o n  

w i t h  t h e  N t r a p p e d  i n  t h e  column, was r e s p o n s i b l e  f o r  t h e  2  
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decrease i n  f l u x e s  i n  column 8 and the  inc rease  i n  redox a t  the 

bottom of column 8 .  

The change i n  t ens ion  wi th in  the  columns during the inundat ion 

i s  shown i n  Figure 13. These d a t a  i n d i c a t e  t h a t  t he  t ens ions  were 

p o s i t i v e  during t h e  e a r l y  part of the  f lood ing ,  but  had become 

negat ive  by the  end of t h i s  inundat ion.  The change most probably 

i s  due t o  su r f ace  clogging. 

On 11 December the  columns were both allowed t o  d r a i n .  

F igures  14 and 15 show the  change i n  redox p o t e n t i a l  over t he  

drainage pe r iod .  During t h i s  time both columns ac t ed  a l i k e  i n  

t h a t  t he  redox p o t e n t i a l  increased  above the  180-cm l e v e l ,  but  

decreased a t  a l l  o t h e r  p o s i t i o n s .  The p o t e n t i a l s  t h a t  had 

increased  toward t h e  end of t he  inundat ion per iod  i n  column 8  

decreased during drainages.  The s e c t i o n s  of t h e  column below 

180 cm then remained i n  a  reduced s t a t u s  even during dra inage .  

F igures  16 and 17 show the  tens ion  p r o f i l e s  dur ing  dra in-  

age. A s  can be seen ,  t h e  t ens ion  below 60 cm reached equ i l i b r ium 

during t h i s  pe r iod ,  bu t  did not  a t  t he  h igher  e l e v a t i o n s .  

During the  dra inage  t h e  cap was removed and may have allowed 

l o s s  of water by evapora t ion .  In  column 8  the  evapora t ion  may 

have caused some shr inkage  and cracks so t h a t  t h e  upper p a r t  of 

the  column was separa ted  from the  r e s t  of the  column; t h u s ,  t h e  

change i n  t ens ion  a t  t h e  top  between 1 3  and 15  December. 

On 16 December t he  columns were again f looded.  The r e s u l t s  

i n  terms of t h e  redox p o t e n t i a l s  a r e  shown i n  F igures  18  and 

19 and agree with those  of t h e  previous  cyc le .  This cyc l e ,  

however, was allowed t o  run  f o r  4 weeks. Over t he  f i r s t  day 

the  two columns ac t ed  s imi la r ly  i n  t h a t  the  top p o t e n t i a l s  

dec l ined  while  those  a t  50 cm and below rose .  This  was probably 

due t o  t he  water which had been a t  the  top of t he  column and 

i n  con tac t  wi th  the  a i r  and thus  oxidized being pushed down 
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t h e  column ahead of t h e  new i n f l u e n t ,  and t h u s  r a i s i n g  t h e  lower 

p o t e n t i a l s ,  The p o t e n t i a l s  i n  column 7 ,  f o r  the  most p a r t ,  a l l  

d e c l i n e d  a f t e r  t h e  f i r s t  day,  Column 8 behaved a s  p r e v i o u s l y ,  

w i t h  t h e  p o t e n t i a l s  a t  60,  50, 40, and 30 cm i n c r e a s i n g  i n  o r d e r  

a s  t h e  zone s p r e a d ,  Th is  t ime ,  however, on 2 January  1970 and 

f o l l o w i n g ,  gas  was c o l l e c t e d  a t  b o t h  t h e  top  and bottom of t h e  

column. The gas  c o n t a i n e d  about  98 p e r c e n t  N 1 p e r c e n t  0 
2 ' 2 ' 

1 p e r c e n t  CO and t r a c e s  of N 0 and CH The O2 could  be due 2 "  2 4 - 
t o  con tamina t ion  dur ing  sampling.  

The f l u x e s  i n  t h e  columns are shown i n  F i g u r e  20 f o r  t h e  inunda- 

t i o n  p e r i o d .  Column 7 behaved as b e f o r e ,  b u t  column 8 showed a 

s h a r p  drop and t h e n  rise on 2 January .  It is  b e l i e v e d  t h a t  t h e  

i n c r e a s e  i n  redox p o t e n t i a l ,  bubb l ing  of g a s e s ,  and i n c r e a s e  of 

f l u x  were a11 due t o  d e n i t r i f i c a t i o n  a t  t h e  bot tom of t h e  column and 

subsequent  r e l e a s e  o f  t h e  g a s e s .  

The t e n s i o n  p r o f i l e s  a t  t h e  beg inn ing  of i n f i l t r a t i o n ,  t h e  

end of i n f i l t r a t i o n ,  and a t  t h e  lowes t  f l u x  are shown i n  F i g u r e  21. 

These a l s o  i n d i c a t e  s u r f a c e  c l o g g i n g  o f  t h e  s o i l  d u r i n g  i n f i l t r a -  

t i o n ,  e s p e c i a l l y  of column 7 .  The f a c t  t h a t  t h e  p r o f i l e  i n  column 

8 is  almost  t h e  same a t  t h e  end a s  a t  t h e  b e g i n n i n g  shows t h a t  t h e  

d i s r u p t i o n  of t h e  s u r f a c e  by gaseous  bubbles  when t h e  N was r e l e a s e d  
2 

r e s t o r e s  t h e  i n f i l t r a t i o n  r a t e  a l l  a l o n g  t h e  p r o f i l e .  The changes 

i n  t e n s i o n  w i t h  t ime  f o r  d i f f e r e n t  p o s i t i o n s  i n  t h e  p r o f i l e  i n  

column 8 a r e  shown i n  F i g u r e  22 .  The t e n s i o n s  were most n e g a t i v e  

above t h e  zone of h i g h e s t  redox around 3 1  December t o  2 January ;  

t h e n ,  when t h e  a i r  was r e l e a s e d ,  t h e  t e n s i o n s  i n c r e a s e d  ( a l g e b r a i c a l l y )  . 
As t o  why column 8 shows d e n i t r i f i c a t i o n  and n o t  column 7 ( o r  

any o f  t h e  o t h e r s  f o r  t h a t  m a t t e r )  w i l l  be t h e  s u b j e c t  of f u r t h e r  

i n v e s t i g a t i o n .  
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SmIMhRY AND CONCLUSION$ ; 

S i x  columns f i l l e d  w i t h  250 cn  of s o i l  from t h e  F lush ing  

Meadows r e c h a r g e  b a s i n s  were i n t e r m i t t e n t l y  f looded  w i t h  secondary 

sewage e f l l u e n t  d u r i n g  1969, The columns were o p e r a t e d  on s c h e d u l e s  

of e i t h e r  2-, 9-, o r  16-days f l o o d i n g ,  fo l lowed i n  each  c a s e  by a 

5-day d r a i n a g e  o r  d r y  p e r i o d .  Two columns, however, were c o n t i n -  

uously  f looded  f o r  115  days .  The incoming sewage w a t e r  and t h e  

column e f f l u e n t  were ana lyzed  f o r  NO 
+ + 
3, N H 4 ,  COD, and o r g a n i c  N ,  

and t h e  g a s e s  f o r c e d  o u t  o f  t h e  columns were c o l l e c t e d  and ana lyzed  

f o r  N 2 ,  0 2 ,  C02, N20, and CH 4  ' 
Nitrogen and oxygen b a l a n c e s  were c a l c u l a t e d  f o r  t h e  v a r i o u s  

c y c l e s .  The t o t a l  amounts o f  n i t r o g e n  e n t e r i n g  and l e a v i n g  t h e  

columns were  about  t h e  same f o r  t h e  2-day f l o o d i n g  c y c l e s .  About 

30 p e r c e n t  of t h e  t o t a l  n i t r o g e n  o f  t h e  sewage w a t e r  was removed 

d u r i n g  t h e  9-day f l o o d i n g  c y c l e ,  w h i l e  t h e  16-day c y c l e s  e f f e c t e d  

a 50  p e r c e n t  removal.  The amount of removal d u r i n g  t h e  16-day c y c l e s  

d e c l i n e d  t o  about  25 p e r c e n t ,  however, when s e v e r a l  c y c l e s  were run  

c o n s e c u t i v e l y .  The c o n t i n u o u s l y  f looded  columns showed a  s t e a d y  

r a t e  of n i t r o g e n  removal f o r  25 d a y s ,  b u t  t h e n  d e c l i n e d  u n t i l  

about  80 days when t h e  n i t r o g e n  removal reached z e r o .  

The n i t r o g e n  b a l a n c e  o f  t h e  column a i r  i n d i c a t e d  t h a t  n i t r o g e n  

was l o s t  as a  gas  o n l y  a f t e r  t h e  columns had been f l o o d e d  f o r  more 

t h a n  9  days ,  and t h i s  gaseous  l o s s  was u s u a l l y  l e s s  t h a n  20 p e r c e n t  

of t h e  t o t a l  amount of n i t r o g e n  removed from t h e  sewage w a t e r .  

D e n i t r i f i c a t i o n  d i d  n o t  seem t o  be t h e  p r imary  mechanism 

of n i t r o g e n  removal because  g a s  p r o d u c t i o n  was low and t h e  oxygen 

a v a i l a b l e  t o  o x i d i z e  NH' t o  NO- b e f o r e  d e n i t r i f  i c a t i o n  was l i m i t e d .  
4+ 3  

The v o l a t i l i z a t i o n  of N H  cou ld  n o t  be d e t e c t e d  by chemical  t e s t s ,  
4  

and t h e  i n c o r p o r a t i o n  of n i t r o g e n  i n t o  o r g a n i c  m a t t e r  was l i m i t e d  

by t h e  s m a l l  c o n c e n t r a t i o n  o f  carbon i n  t h e  sewage w a t e r .  F i x a t i o n  
4- 

of NH by t h e  c l a y  f r a c t i o n  o f  t h e  s o i l  was l i m i t e d  by t h e  low 4 
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c l a y  c o n t e n t  of t h e  s o i l ,  which had p robab ly  been p r e v i o u s l y  

s a t u r a t e d  d u r i n g  r e c h a r g e  of sewage w a t e r  i n  t h e  f i e l d .  The 

a d s o r p t i o n  of n i t r o g e n  by t h e  o r g a n i c  f r a c t i o n  of t h e  s o i l  could  

account  f o r  much of t h e  n i t r o g e n  removal ,  Most of t h e  n i t r o g e n  
+ 

removal i s  e f f e c t e d  by some r e a c t i o n  of NH i n  an a n a e r o b i c  
4 

environment ,  b u t  more r e s e a r c h  w i l l  be needed i n  o r d e r  t o  

d e s c r i b e  t h i s  r e a c t i o n .  

A groundwater r e c h a r g e  sys tem cou ld  be o p e r a t e d  t o  produce 

rec la imed  w a t e r  w i t h  v a r y i n g  n i t r o g e n  c o n c e n t r a t i o n s  i n  accordance 

w i t h  t h e  i n t e n d e d  use  of t h e  w a t e r .  S h o r t ,  f r e q u e n t  f l o o d i n g  

p e r i o d s  would p r o v i d e  a h i g h - n i t r a t e  w a t e r  f o r  g r a i n  o r  f o r a g e  

c r o p s .  During long  f l o o d i n g  c y c l e s ,  l a r g e  q u a n t i t i e s  of low 

n i t r o g e n  w a t e r  can be  produced because  much of t h e  n i t r o g e n  i s  

removed and about  h a l f  of t h e  remaining n i t r o g e n  is  c o n c e n t r a t e d  

i n  1 0  t o  1 5  p e r c e n t  of t h e  t o t a l  volume of rec la imed  w a t e r .  

The r a t i o  of oxygen e n t e r i n g  t h e  columns by d i f f u s i o n  t o  t h a t  

e n t e r i n g  by mass f low was 1 . 5  t o  1 and 2  t o  1 f o r  5-day d r a i n a g e  

p e r i o d s  f o l l o w i n g  2-day and 9-day f l o o d i n g  p e r i o d s ,  r e s p e c t i v e l y .  

Both mass f low and d i f f u s i o n  a r e  t h e r e f o r e  impor tan t  mechanisms 

of oxygen e n t r y .  Most of t h e  oxygen is u t i l i z e d  i n  o x i d i z i n g  
4- 

NH t o  NO;, a s  evidenced by t h e  NO- wave produced soon a f t e r  4 3 
f l o o d i n g .  

Two o t h e r  columns were c o n s t r u c t e d  l a t e  i n  t h e  y e a r  i n  

which e i g h t  t e n s i o m e t e r s  and b l a c k  p la t inum e l e c t r o d e s  were 

i n s t a l l e d .  Soon a f t e r  f l o o d i n g ,  t h e  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  

a t  most of t h e  e l e c t r o d e s  dropped t o  a  n e g a t i v e  v a l u e .  During a  

23-day f l o o d i n g  p e r i o d ,  a  r i s e  i n  t h e  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  

and t h e  bubbl ing  gas  from o u t  of t h e  columns n e a r  t h e  end of t h e  

p e r i o d  i n d i c a t e d  t h a t  d e n i t r i f i c a t i o n  had t a k e n  p l a c e  i n  one column. 

The f l u x  decreased  b e f o r e  t h e  g a s  was evo lved ,  and t h e  t e n s i o m e t e r s  

showed a  n e g a t i v e  p r e s s u r e  th roughout  t h e  column, The f l u x  
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i n c r e a s e d ,  and t h e  t e n s i o m e t e r  showed a  p o s i t i v e  p r e s s u r e  a f t e r  

t h e  gas  was evolved.  During o t h e r  p a r t s  o$ t h e  f l o o d i n g  p e r i o d  

t h e  t e n s i o m e t e r s  i n d i c a t e d  s u r f a c e  c l o g g i n g ,  w h i l e  t e n s i o m e t e r s  

i n  t h e  o t h e r  column i n d i c a t e d  s u r f a c e  c logg ing  throughout  t h e  

f l o o d i n g  p e r i o d .  
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Table  1. Ni t rogen  removal fram secondary sewage e f f l u e n t  by s o i l  

columns d u r i n g  f l o o d i n g  p e r i o d s  of d i f f e r e n t  l e n g t h s ,  

- 

CYCLE 

Ni t rogen  
c o n t e n t  A B C D E F T o t a l  

2 Days Flooded 

N i n f l u e n t  340.0 261.5 226.1 258.0 277.4 278.5 1641.5 

N e f f l u e n t  295.7 294.7 305.7 286.3 260.0 272.4 1714.8 

% removal -13% 4-11 % -26% +LO% +6 % +2% -4% 

9 Days Flooded 

N i n f l u e n t  1100.0 1236.0 1146.4 815.7 

N e f f l u e n t  857.3 862.7 837.9 551.0 

% removal 22% 30 % 27% 32 % 

1 6  Days Flooded 

N i n f l u e n t  1516.2 1753.0 1826.7 1715.3k 

N e f f l u e n t  764.7 1039.2 1596.9 1146.5 

% removal 50% 41% 20 % 33% 

*Column 1 o n l y  
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Table 2 ,  Nitrogen balance of a i r  from s o i l  columns 

during i n t e r m i t t e n t  f looding  with secondary 

sewage e f f l u e n t .  

Days f looded N i n  N 0u.t: 

L 1 ~ a t a  a r e  averages f o r  8 f looding  cyc le s .  

l l ~ a t a  a r e  averages f o r  3 f looding  cyc les .  

?/Data a r e  averages f o r  2 f looding  cyc les .  
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Table  3 .  Comparison ~f oxygen e n t r y  i n t o  s o i l  columns by d i f f u s i o n  and mass f low d u r i n g  

i n t e r m i t t e n t  f l o o d i n g  c y c l e s  w i t h  secondary sewage e f f l u e n t .  

Oxygen e n t r y  d u r i n g  5  days 
f o l l o w i n g  2-day f l o o d i n g  p e r i o d s  

Oxygen e n t r y  d u r i n g  5 days  
f o l l o w i n g  9-day f l o o d i n g  p e r i o d s  

Column D i f f u s i o n  Column D i f f u s i o n  
number Mass f low D i f f u s i o n  Mass f l o w  number Mass f low D i f f u s i o n  Mass f low 

mg mg mg m g  

4  758.9 1030.0 1 .36 1 657.6 1489.7 2.27 

4  723.7 1226.7 1 .70 2  663.7 1398.2 2 .11  

3  767.3 1205.5 1.57 1 753.5 1410.6 1 .87 

5  780.5 1348.6 1 . 7 3  

Average 750.0 1154.1  1 . 5  Average 713.8 1411.8 2.0 
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Table 4. Oxygen balance of soil columns intermittently flooded with secondary sewage effluent. 

Oxygen utilization Oxygen entry 
Time 

NH: Mass NO3 of 
flooded COD Emitted 

f lo&/ Diffusion sewage Difference 
oxidation reduction from column 

I/ days- mg mg mg mg mg m g mg 

2 1288.7 170.4 344.7 - 758.9 1030.0 60.8 $46 .O 

L/Entries are for different columns and/or flooding periods. 

./The drainagetperiod was 5 days in each case. 
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F i g u r e  1. S o i l  column f o r  was tewa te r  r e n o v a t i o n  s t u d i e s .  
3-19 
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Figure 2 .  The oxygen d i f f u s i o n  r a t e  dur ing  5-day d r a i n a g e  per iods  fo l lowing  2 days 
of f lood ing .  
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F i g u r e  3.  The change i n  n i t r o g e n  c o n t e n t  w i t h  volume of column e f f l u e n t  dur ing  3 c y c l e s  of 2 days f l o o d i n g  

and 5 days d r y .  
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F i g u r e  5. The change i n  n i t r o g e n  c o n t e n t  w i t h  volume of column e f f l u e n t  
d u r i n g  two c y c l e s  of 1 6 d a y s  f l o o d i n g  and 5 days d r y .  
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F i g u r e  6. The change  i n  t o t a l  n i t r o g e n  c o n t e n t  of  s e c o n d a r y  sewage 
e f f l u e n t  d u r i n g  co i l t i ouous  f l o o d i n g  o f  a  s o i l  column. 
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F i g u r e  7. The change i n  n i t r o g e n  c o n t e n t  w i t h  volume of colunln e f f l u e n t  
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F i g u r e  8. The change i n  f l u x  w i t h  l e n g t h  of f l o o d i n g  t ime f o r  two c o n t i n u o u s l y  f looded  
s o i l  columns. 
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F i g u r e  9. Schemat ic  d iagram of  t h e  s o i l  columns 

w i t h  t e n s i o m e t e r s  and redox p o t e n t i a l  probes .  
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COLUMN 7 

Figure  10, Redox p o t e n t i a l  v e r s u s  t ime f o r  column 7 dur ing  16-day 
inunda t ion ,  3-28 
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Figure 12. Flux of water versus time into columns 7 and 8 

during 16-day inundation. 
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L 
F i g u r e  13. Tens ion  p r o f i l e s  i n  columns 7 and 8 a f t e r  one week of  i n u n d a t i o n  

and a t  t h e  end of t h e  16-day i n u n d a t i o n .  
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COLUMN 7 DRAINAGE 

Height  above ou t t low 
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F igure  14. Redox p o t e n t i a l  versus  time f o r  column 7 dur ing  drainage.  
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F igure  15. Redox p o t e n t i a l  ve rsus  time f o r  column 8 d u r i n g  drainage.  
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Figure  16. Tension p r o f i l e s  f o r  column 7 dur ing  dra inage .  
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F i g u r e  17, Tension p r o f i l e s  f o r  column 8 d u r i n g  d ra inage .  3-35 
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COLUMN 7 

Height  above oiltflow 

F i g u r e  18. Redox p o t e n t i a l  v e r s u s  t ime f o r  column 7 d u r i n g  23-day inunda t ion .  
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Figure  19. Redox p o t e n t i a l  ve rsus  t i m e  Eor column 8 d u r i n g  23-day inundat ion.  
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Figuro 20. Flux of water versus time into columns 7 and 8 
during 23-day inundation. 
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TITLE : SOIL TREATMENT TO REDUCE INFILTRATION AND 

INCREASE PRECIPITATION RUNOFF 

CRIS WORK UXIT : SWC-018-gG-2 CODE NO. : Ariz.-WCL 60-7 

INTRODUCTION : 

Observations and measurements were continued on p l o t s  a t  t h e  

Grani te  Reef t e s t i n g  s i t e .  Laboratory s t u d i e s  were concerned wi th  

eva lua t ion  of low-cos t s o i l  s t a b i l i z e r  - water  r e p e l l e n t  t rea tments .  

A computer program was w r i t t e n  t o  assist i n  t he  r a t i o n a l  design 

of combined catchment and s t o r a g e  u n i t s .  

Measurements of r a i n f a l l  and runoff were cont inued a t  t he  

Monument Tank t e s t i n g  s i t e  i n  the  pre t rea tment  phase of t he  s tudy  

t o  eva lua t e  water  ha rves t ing  techniques on l a r g e  a r e a s .  Prel iminary 

ana lys i s  of the d a t a  was s t a r t e d .  Tile Seneca catchment was re- 

t r e a t e d  and measurements of r a in fa l l - runof f  continued. 

PART I .  OPERATIONAL FIELD CATCWNTS . 
Metate Catchment: The Metate catchment was t r e a t e d  18  June 1968 

wi th  a spha l t - f i be rg l a s s .  On 9 Apr i l  1969 a d d i t i o n a l  a spha l t - f i be rg l a s s  

was i n s t a l l e d  t o  i nc rease  the  catchment width.  Shor t ly  a f t e r  s t a r t -  

ing  the  r e p a i r  work, a s h a f t  was broken on the  a spha l t  pump. The 

remainder of t h e  a spha l t  was poured on wi th  buckets  and spread  wi th  

cedar branches.  A f i n a l  s e a l c o a t  of asphal t -c lay  emulsion was 

appl ied  on 8 October 1969. The catchment s t o r a g e  r e s e r v o i r  is  s t i l l  

i n  e x c e l l e n t  condi t ion.  

Seneca Catchment: The g r a s s  on the  Seneca catchment was burned 

during March and A p r i l  1969. On 10 A p r i l  1969 t h e  a r e a  was t r e a t e d  

wi th  50 l b s .  Te lvar  s o i l  s t e r i l a n t  i n  600 g a l .  water .  In spec t ion  

of t h e  p l o t  on 3 June 1969 showed t h e  s t e r i l a n t  had only s t u n t e d  

the  p l an t  growth. 

P r i o r  t o  r e t r ea tmen t ,  var ious  combinations of s o i l  s t a b i l i z e r s  

and wa te r  r e p e l l e n t s  were app l i ed  t o  samples of s o i l  from the 

Seneca catchment. These tests i n d i c a t e d  t h a t  the s o i l  could be  
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waterproofed by applying a water  s o l u t i o n  conta in ing  3 percent  

s i l i c o n e  water  r e p e l l e n t  and 2 percent  p l a s t i c  s t a b i l i z e r  a t  a 

r a t e  of 2.3 l i t e r s  pe r  square  meter.  This t reatment  was app l i ed  

on 17  June 1969. P r i o r  t o  t rea tment  t h e  p l a n t s  no t  k i l l e d  by 

s o i l  s t e r i l a n t  were p u l l e d  by hand. The s o l u t i o n  was mixed 

i n  a 1000 l i t e r  tank and sprayed wi th  a c e n t r i f u g a l  pump through 

d e f l e c t o r  nozz les .  The t reatment  was i n  good condi t ion  two months 

l a t e r ,  b u t  t h e r e  had been very l i t t l e  r a i n .  In spec t ions  during 

the  l a s t  4 months i n  1969 showed t h a t  t he  p l a s t i c  s t a b i l i z e r  

was s t a r t i n g  t o  d e t e r i o r a t e ,  b u t  t h e  water  repe l lency  was s t i l l  

good. Runoff d a t a  from the p l o t  have not  been analyzed,  b u t  a 

pre l iminary  examination shows t h a t  t he re  is  considerab l e  r e  t en t ion  

of water  on the p l o t .  

Problems were encountered during the  y e a r  wi th  dee r  walking 

i n t o  the r e s e r v o i r  t o  d r ink  and, upon climbing out  of the  p i t ,  

c u t t i n g  t h e  b u t y l  l i n i n g  wi th  t h e i r  hooves. Over 50 ho le s  were 

patched i n  1969. From 7 January through 3 December 1969, a 

t o t a l  of 316 rmn of r a i n f a l l  was measured a t  t he  s i te .  The b u t y l  

r e s e r v o i r  a lone would have c o l l e c t e d  over 300,000 l i ters .  On 

3 December 1969 t h e r e  was l e s s  than 5000 l i t e r s  of wa te r  i n  the 

r e s e r v o i r .  The rest of the  water  had been l o s t  through ho le s  

i n  t h e  b u t y l  l i n i n g ,  i n c o r r e c t  s e t t i n g  of f l o a t  on t h e  water ing 

trough, and evaporat ion.  

Guthr ie  Peak Catchment: Tnis catchment w a s  i n s t a l l e d  i n  May 

1968, i n  cooperat ion wi th  t h e  Bureau of Land Management, using a 

combination of wa te r  r e p e l l e n t  and s o i l  s t a b i l i z e r  on h a l f  the  

catchment. The catchment was inspec ted  on 6 J u l y  1969. No 

evidence of e i t h e r  t he  wa te r  r e p e l l e n t  o r  s t a b i l i z e r  was found. 

The r a p i d  d e t e r i o r a t i o n  of t h e  t rea tment  probably r e s u l t e d  be- 

cause the  t reatment  s o l u t i o n  d i d  not  soak i n t o  t h e  s o i l .  Uutyl 

on the  o t h e r  h a l f  of t h e  catchment was i n  poor condi t ion  a t  a l l  

l o c a t i o n s  where i t  was l a i d  over  rocks.  
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PART 11. MONIJMENT TANK TESTING SITE 

Pretreatment  measurements of r a i n f a l l  and runoff continued 

during 1969 f o r  c a l i b r a t i o n  purposes.  

Analysis  of t he  d a t a  c o l l e c t e d  during previous yea r s  was 

i n i t i a t e d  t o  determine t h e  r e l a t i o n s h i p s  between r a i n f a l l  and 

subsequent runoff  f o r  t h ree  s e l e c t e d  s torms.  The s t o m s  s e l e c t e d  

f o r  i n v e s t i g a t i o n s  were those occurr ing  a s  i s o l a t e d  events  be- 

tween monthly recording pe r iods ,  s i n c e  only t o t a l  volume of 

r a i n f a l l  is  recorded i n  a l l  b u t  one recording raingage.  

PROCEDURE : 

The t o t a l  volume of r a i n f a l l  c o l l e c t e d  i n  each ra ingage ,  

f o r  each of the  t h r e e  i s o l a t e d  s torms ,  w a s  p l o t t e d  on maps of 

the Monument Tank watershed a rea .  A s tudy of t hese  r a i n f a l l  

p l o t s  revea led  cons iderable  v a r i a t i o n  i n  t h e  a r e a l  d i s t r i b u t i o n  

of r a i n f a l l  over  t he  watershed a rea .  This v a r i a t i o n  w a s  taken 

i n t o  account when determining the  average depth of r a i n f a l l  over  

the i n d i v i d u a l  watersheds by us ing  t h e  Thiessen polygon method 

of weighted averaging. 

Runoff from each watershed area w a s  determined from t h e  water- 

s t a g e  c h a r t  record ,  u t i l i z i n g  a computer program developed t o  

convert  depth of wa te r  i n  t h e  c r i t i c a l  depth flumes t o  volume of 

wa te r  flowing through t h e  flumes. The percent  of runoff from 

each watershed,  f o r  each s torm, was determined by comparing the  

average r a i n f a l l  over the  b a s i n  t o  t h e  t o t a l  runoff  from t h e  

b a s i n ,  expressed a s  an equiva len t  depth.  I n  t h e  case  of water- 

sheds 2 and 3 ,  t he  amount of runoff  from the  l i n e d  d i t c h e s  was 

assumed t o  be  80 and 85 percent  of t he  r a i n f a l l  r e s p e c t i v e l y .  

These va lues  of percent  runoff  were based on observa t ion  and 

p a s t  experience wi th  a spha l t  catchments. The volume of runoff 

a t t r i b u t e d  t o  t h e  l i n e d  d i t c h e s  was computed, and s u b t r a c t e d  
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from the t o t a l  runoff .  The remainder was then d iv ided  by t h e  

n a t u r a l  watershed a r e a  and t h e  percent  of runoff  f o r  t he  n a t u r a l  

s u r f a c e  determined by comparing t h i s  va lue  t o  the  average r a i n f a l l .  

RESULTS : 

Monthly d a t a  c o l l e c t e d  from the network of 14 raingages showed 

s l i g h t l y  more v a r i a t i o n  than not iced  on previous yea r s .  The 

maximum monthly v a r i a t i o n  was about 20 percent .  T o t a l s  f o r  t h e  

y e a r  v a r i e d  by 10 percent .  

T o t a l  r a i n f a l l  recorded f o r  t h e  y e a r  was 274 mm, which i s  

s l i g h t l y  l e s s  than the previous two yea r s .  The t h r e e  yea r  average 

now s t ands  a t  360 mm p e r  year .  

The r a i n f a l l  d i r e c t i o n a l  p a t t e r n  f o r  t he  y e a r ,  as determined 

from v e c t o r  pluviometer  readings ,  was e s s e n t i a l l y  t h e  same as t h e  

previous yea r .  The percene of the t o t a l  c o l l e c t e d  by t h e  fou r  

pluviometer  openings, f o r  t h e  p a s t  y e a r ,  are: North - 26, Eas t  - 22, 

South - 15,  West-37. 

Est imates  of va r ious  watershed c h a r a c t e r i s  t i c s  were made from 

the  maps of t h e  watershed area .  These c h a r a c t e r i s t i c s  a r e  presented  

i n  Table 1. Revision of t h i s  t a b l e  may b e  necessary a f t e r  a f i e l d  

survey is conducted t o  l o c a t e  s p e c i f i c  p o i n t s  on the  maps, s i n c e  

they a r e  based on a e r i a l  photography and do no t  show a l l  of t he  

d e t a i l s  necessary f o r  exac t  values t o  b e  determined. 

The average r a i n f a l l  f o r  each storm i n v e s t i g a t e d  and f o r  each 

watershed, along w i t h  runoff  d a t a  f o r  each even t ,  a r e  presented  i n  

Table 2. Resu l t s  f o r  watershed 4 a r e  not  inc luded  s i n c e  runoff 

d id  no t  occur  from t h i s  watershed during t h e  t h r e e  storms under 

cons idera t ion ,  and raingages were not  i n  cont inua l  opera t ion .  

The r e s u l t s  presented  i n  Table 2 a r e  i n t e r e s t i n g  from th ree  

s t andpo in t s ,  t he se  be ing:  (1) response of t h e  d i f f e r e n t  watersheds 

t o  storms of d i f f e r e n t  types and i n t e n s i t i e s ,  (2)  comparison of 
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volume and percent  of runoff  from n a t u r a l  and lined-channel water- 

sheds ,  and (3) comparison of runoff from the n a t u r a l  po r t ion  of 

the  th ree  watersheds.  

The t h r e e  s torms under i n v e s t i g a t i o n  vary from a gene ra l  

and r a t h e r  uniform storm of two days dura t ion  t o  a h igh  i n t e n s i t y  

thunderstorm of only a few minutes dura t ion .  A l l  t h r e e  watersheds 

experienced t h e  g r e a t e s t  percentage of runoff from t h e  storm of 

31  October,  even though t o t a l  r a i n f a l l  was only one-tenth t h a t  of 

t h e  l a r g e  13-15 November s torm. This  h igh  runoff was due t o  t h e  

r e l a t i v e l y  h igh  i n t e n s i t y  of t he  31 October s t o m  which depos i ted  

approximately 3 mm of r a i n  i n  a 6 t o  8 minute per iod.  

Percent  of runoff v a r i e d  among watersheds even more than  among 

storms.  The range f o r  the d i f f e r e n t  storms being : from 2 - 19 

percent  f o r  t he  n a t u r a l  watershed ( I ) ,  from 60 - 68 percent  f o r  

t h e  p a r t i a l l y  l ined-channel  watershed (3)  , and from 44 - 72 

percent  f o r  t h e  completely l ined-channel watershed ( 2 ) .  The in- 

c r ease  i n  average runoff  produced by l i n i n g  a p o r t i o n ,  o r  a l l ,  of 

the watershed channel v a r i e d  from 3.5 t o  30 t i m e s  depending on 

the  type and i n t e n s i t y  of storm. The g r e a t e s t  i n c r e a s e  occurr ing  

i n  the case  of t h e  longer  du ra t ion ,  h ighe r  r a i n f a l l  s t o m s .  

Response of  t h e  watersheds t o  t he  storm of  2-3 October is  

presented  i n  F igure  1. The response of watersheds 2 and 3 is  seen  

t o  be  very similar,  b u t  watershed 3 is  more s e n s i t i v e .  I n  t h i s  

case,  seven d i s t i n c t  showers a r e  noted f o r  watershed 3, wh i l e  only 

s i x  a r e  i n d i c a t e d  f o r  watershed 2. Watershed 1 is  seen  t o  be  much 

l e s s  s e n s i t i v e  i n  t h a t  l e s s  water  runs o f f  of t h e  n a t u r a l  watershed 

and the hydrograph peaks, a f t e r  runoff  does occur ,  a r e  much l e s s  

d e s c r i p t i v e .  Only t h r e e  showers a r e  noted f o r  watershed 1, t h e  

f i r s t  four  showers being used t o  f i l l  t he  watershed channel and 

s t i l l i n g  bas in .  For t h i s  p a r t i c u l a r  storm almost a l l  of t h e  runoff 

occurr ing from watershed 2 w a s  der ived  from t h e  l i n e d  channel 
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i t s e l f .  I t  would seem t h a t  watershed 2 would the re fo re  be more 

s e n s i t i v e  than watershed 3, s i n c e  h a l f  of the channel on watershed 

3 is  unl ined.  Watershed 3 is considerably s t e e p e r  than watershed 2, 

and has  a s l i g h t l y  s a n d i e r  s o i l ,  although the  s o i l  on both i s  q u i t e  

shal low.  The f a c t  t h a t  the  l i n e d  channel on watershed 3 is  i n  b e t t e r  

condi t ion  and s l i g h t l y  s t e e p e r  may a l s o  account f o r  the d i f f e r ence .  

The d i r e c t i o n  of s t o m s ,  a s  determined from the  vec to r  pluvi-  

m e t e r ,  d id  not  appear t o  have any e f f e c t  on runoff .  The 

d i s t r i b u t i o n  of r a i n f a l l  on the watershed and the  i n t e n s i t y  of 

r a i n f a l l  were much more important .  

Runoff from the unl ined  o r  n a t u r a l  watershed a reas  is  a l s o  

noted t o  be considerably d i f f e r e n t .  As previously noted,  runoff 

from watershed 1 v a r i e d  from 2 - 19 pe rcen t ,  runoff from t h e  

n a t u r a l  a r e a  of watershed 2 v a r i e d  from 1 - 30 pe rcen t ,  and t h a t  

from the  n a t u r a l  a r e a  of watershed 3 v a r i e d  from 34 - 42 percent .  

The d i f f e r e n c e  i n  s l o p e  and s o i l  could aga in  account f o r  t hese  

v a r i a t i o n s .  The response of watersheds 1 and 2 was very similar 

f o r  t h e  t h r e e  d i f f e r e n t  s t o m  s i t u a t i o n s  ; t h e  percent  runoff being 

g r e a t e r  f o r  t h e  3 1  October thunderstorm, and much sma l l e r  f o r  t h e  

two more g e n e r a l  s torms.  Watershed 3 ,  on the  o t h e r  hand, produced 

e s s e n t i a l l y  t h e  same percent  of runoff (34 - 42 percent )  f o r  a l l  

t h r ee  s torms.  

PART 111. GRANITE REEF TESTING SITE 

A t o t a l  of 232.2 mm of r a i n f a l l  was measured on 32 s e p a r a t e  

s torms.  The fol lowing d i scuss ion  compares t e s t  p l o t  runoff 

measurements f o r  the  d i f f e r e n t  storms t o  r a i n f a l l  measured i n  

a s t anda rd  U.  S . Weather Bureau s t o r a g e  raingage.  

Esso P l o t s .  This is t h e  concluding yea r  of t h e  f i v e  year  

s tudy  i n  cooperat ion wi th  Esso Research Corporation of Linden, 

iqew Je r sey ,  i n  the eva lua t ion  of a s ingle-phase a p p l i c a t i o n  of 

Venezuelan a s p h a l t  a s  a s o i l  t reatment .  Runoff has continued t o  
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decrease but  i s  s t i l l  a s i g n i f i c a n t  po r t ion  of the  r a i n f a l l .  During 

1969, P l o t  E-1 averaged 54 percent  runof f ,  P l o t  E-2 averaged 45 

pe rcen t ,  and E-4 averaged 5 1  percent .  This compares t o  20 percent  

runoff  from the  smoothed un t r ea t ed  P l o t  E-3. 

A summary of t h e  average annual runoff  f o r  t he  f i v e  yea r s  of 

the  s tudy is presented  i n  Table 3. The t rea tments  a r e  s t i l l  i n  

f a i r  condi t ion  and have l a s t e d  much longer  than  would similar 

a p p l i c a t i o n s  of l o c a l l y  a v a i l a b l e  Ca l i fo rn i a  a s p h a l t .  

The cos t  of t he  s i n g l e  phase a s p h a l t  t rea tments  i s  approxi- 
-2 

mately 16.6 c e n t s  m . Over t h e  f i v e  year  s tudy  pe r iod ,  t he  a spha l t  

p l o t s  each c o l l e c t e d  a t o t a l  of approximately 950 l i t e r s  of water  
2 -2 

per  m , which was 720 l i t e r s  m more than an ad jacen t  undisturbed 

watershed c o l l e c t e d .  The average c o s t  of t h e  increased  runoff water  

is  approximately 23.1 cen t s  p e r  1000 l i t e r s ,  o r  87 c e n t s  per  1000 

ga l lons .  

Paved P l o t s :  Treatments app l i ed  t o  t he  paved p l o t s  a r e  l i s t e d  

i n  Table 4 and the  runoff r e s u l t s  presented i n  Table 5. 

P l o t  L-1, 30-mil ch lo r ina t ed  polyethylene bonded t o  t h e  s o i l ,  

averaged 96 percent  runoff  f o r  t h e  year .  The shee t ing  is  i n  

e x c e l l e n t  condi t ion  wi th  no s i g n s  of a s p h a l t  migra t ion  through i t .  

The shee t ing  i s  s l i g h t l y  water  r e p e l l e n t ,  has few wr ink le s ,  and 

as a r e s u l t  has  very  l i t t l e  r e t e n t i o n .  

Runoff from P l o t  L-4, 15-mil b u t y l  shee t ing ,  averaged 89 percent  

f o r  t he  year .  The shee t ing  is seve re ly  cha lk ing  and may be p a r t i a l l y  

porous. The shee t ing  is - no t  water  r e p e l l e n t ,  has  few wr ink le s ,  and 

a s  a r e s u l t  has very  l i t t l e  r e t e n t i o n .  

P l o t s  L-5 and L-6, two-phase a spha l t  t r ea tmen t s ,  averaged 

83 percent  and 89 percent  r e s p e c t i v e l y ,  f o r  t h e  yea r .  Cracks and 

numerous smal l  pock marks have developed i n  t h e  pavement su r f aces .  
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Loss of water  through the  c racks  and r e t a i n e d  i n  t he  pock marks 

has s i g n i f i c a n t l y  reduced runoff from the  pavements. Actual 

r e t e n t i o n  w i l l  be measured on t h e  p l o t s  i n  1970. 

Runoff from P l o t  L-7, l - m i l  bonded aluminum f o i l ,  averaged 

81  percent  runoff f o r  t h e  yea r .  P inholes  a r e  s t a r t i n g  t o  develop 

i n  t h e  f o i l .  These apparent ly  r e s u l t  from co r ros ion  by s a l t y  

s o i l  and pebbles blown onto  the  p l o t  by wind. 

The vinyl-coated a spha l t - f i be rg l a s s  P l o t  A-1 averaged 85 

percent  runoff  f o r  t h e  year .  The t rea tment  is  i n  e x c e l l e n t  con- 

d i t i o n  and the  s u r f a c e  is  s l i g h t l y  water  r e p e l l e n t .  Runoff should 

approach 100 percent  of r a i n f a l l .  The reason f o r  t h e  1 5  percent  

l o s s  i n  runoff has  n o t  y e t  been i d e n t i f i e d .  

P l o t  A-2, s tandard  g r a v e l  roof ing  covering,  averaged 74 percent  

f o r  t he  year .  The g rave l  r e t a i n s  an average of 2 mm of r a i n f a l l  

pe r  storm before  runoff  occurs .  This r e t a i n e d  water  i s  l o s t  by 

evapora t ion  a f t e r  t h e  storm. For 32 sepa ra t e  storms i n  1969, t h e  

t o t a l  runoff was 60 mm l e s s  than t h e  r a i n f a l l .  

I n  September 1968, a 3.05 x 36.59 meter P l o t  A-5 was con- 

s t r u c t e d  by pouring a continuous s l a b  of 10 cm t h i c k  concre te .  The 

s l a b  has a l o n g i t u d i n a l  s lope  of 3 percent  and d r a i n s  l a t e r a l l y  

toward t h e  l o n g i t u d i n a l  cen te r  l i n e .  Runoff from the  p l o t  averaged 

71 percent  f o r  t he  yea r .  Severa l  l a t e r a l  cracks occurred i n  t h e  

concre te  approximately 6 months a f t e r  cons t ruc t ion .  Runoff has  

decreased s i g n i f i c a n t l y ,  e s p e c i a l l y  i n  t h e  win te r  months when 

t h e  cracks a r e  t h e  wides t .  

Bare S o i l  P l o t s .  The ba re  s o i l  p l o t s  inc lude  a l l  t rea tments  

where the  s o i l  is  no t  completely covered o r  paved. A d e s c r i p t i o n  

of t he  t rea tments  is  presented  i n  Table 6 wi th  t h e  runoff r e s u l t s  

presented  i n  Table 7. 

Ridge and furrow P l o t  R-4 t r e a t e d  wi th  sodium carbonate  i n  

May 1966, averaged 18 percent  runoff f o r  1969. A s i m i l a r  p l o t ,  R-2, 
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averaged 20 percent  f o r  t h e  yea r .  Using runoff from R-2 a s  a base ,  

runoff from R-4 was 148 percent  i n  1966, 138 percent  i n  1967, 

128 percent  i n  1968, and 9 1  percent  i n  1969. This shows t h a t  t he  

p l o t  has l o s t  a l l  e f f e c t  of t he  s a l t  t rea tment  i n  3 yea r s .  

Watershed W-3, hand c l ea red  of brush i n  1963, i s  s t i l l  y i e ld -  

ing  more runoff  than the  uncleared watershed W - 1 ,  even though 

brush is  growing back on the  p l o t .  Runoff from W-3 i n  percent  of 

runoff  from W - 1  f o r  t he  l a s t  6 y e a r s  was: 1964 - 145, 1965 - 123, 

1966 - 131, 1967 - 143, 1968,- 131, and 1969 - 117. It i s  be l ieved  

t h e  regrowth of brush i s  s t a r t i n g  t o  make its presence f e l t .  

The th ree  smoothed un t r ea t ed  P l o t s  L-2, E-3, and A-3 averaged 

15.9, 20.2, and 21.9 percent  r a i n f a l l  runoff  r e s p e c t i v e l y .  It was 

thought t h a t  runoff  w a s  dec l in ing  wi th  time a s  wind and water  

e ros ion  caused a g r a v e l l y  d e s e r t  pavement t o  develop on t h e  s o i l  

su r f ace .  A r e g r e s s i o n  a n a l y s i s  of runoff from L-2 v s  runoff from 

un t r ea t ed  watershed W-2 i n d i c a t e s  t h a t  t he  r a in fa l l - runof f  r e l a t i o n -  

s h i p  between t h e  two p l o t s  has  n o t  changed s i g n i f i c a n t l y  wi th  t i m e .  

P l o t  L-3, t r e a t e d  wi th  a water r e p e l l e n t  i n  August 1965, w a s  

r e t r e a t e d  on 6 November 1969. From 1 January t o  6 November 1969 

the  p l o t  had averaged 40 percent  runoff of 186 mm r a i n f a l l .  Af t e r  

r e t r ea tmen t  t h e  p l o t  averaged 86 percent  runoff  from 46 mm during 

t h e  remainder of t h e  year .  On 28 October 1969 d e t a i l e d  s tudy of 

t he  degree of water  r epe l l ency  w a s  made as descr ibed  i n  t h e  1966 

Annual Report.  The fo l lowing  c r i t e r i a  were used f o r  de f in ing  

t h e  degree of repe l lency .  

Zero - water  soaked r a p i d l y  i n t o  s o i l .  

S l i g h t  - s o i l  s u r f a c e  wetted b u t  i n f i l t r a t i o n  slow. 

F a i r  - s u r f a c e  wetted bu t  water  did no t  soak i n t o  under- 

l y i n g  s o i l .  

Good - S o i l  s u r f a c e  h igh ly  water  r e p e l l e n t .  

I n  November 1966, one year  a f t e r  t r ea tmen t ,  t h e  p l o t  a r e a s  i n  

t he  va r ious  c a t e g o r i e s  were: zero - 8, s l i g h t  - 1 9 ,  f a i r  - 44, and 
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good - 29 percent .  In  October 1969, 4 yea r s  a f t e r  t rea tment ,  t h e  

p l o t  a r e a s  i n  t he  va r ious  c a t e g o r i e s  were: zero - 69 pe rcen t ,  

s l i g h t  - 1 8  pe rcen t ,  f a i r  - 14 pe rcen t ,  and good - 0 percent .  On 

the  b a s i s  of t he  l a s t  s tudy ,  t h e  dec i s ion  w a s  made t o  r e t r e a t  t h e  

p l o t .  During a 52 month pe r iod ,  t he  o r i g i n a l  t reatment  produced 

846 mm of r a i n f a l l  runoff from a t o t a l  of 980 mrn of p r e c i p i t a t i o n  

f o r  an average e f f e c t i v e n e s s  of 86 percent .  The m a t e r i a l s  and 
- 2 

a p p l i c a t i o n  cos t  f o r  t h e  t rea tment  was 6.3 cen t s  pe r  m . The 

water c o l l e c t e d  from t h e  o r i g i n a l  t reatment  c o s t  7.5 c e n t s  pe r  

LOO0 l i t e r s ,  o r  28 c e n t s  per  1000 ga l lons .  

PART I V .  SOIL STABILIZATION 

Prel iminary examination of s o i l  s t a b i l i z e r s  cont inued,  u t i l i z i n g  

procedures descr ibed  i n  t h e  1967 Annual Report. I n  a d d i t i o n ,  t h e  

water -so i l  con tac t  ang le  w a s  measured and p e n e t r a t i o n  of m a t e r i a l s  

i n t o  s o i l  was observed. Ma te r i a l s  included were 

1. polyvinyl  a c e t a t e  emulsion 

2.  v i n y l  a c r y l i c  terpolymer emulsion 

3 .  polyvinyl  alcohol-high molecular weight 

4 .  a l k y l  r e s i n  emulsion 

5. unknown r e s i n  emulsion 

6. unknown e las tomer  emulsion 

These a r e  commercially a v a i l a b l e  m a t e r i a l s  t h a t  imparted reason- 

a b l e  s t a b i l i t y  t o  s o i l  su r f aces .  A number of rosin-derived 

m a t e r i a l s  were a l s o  examined t h a t  d id  no t  s t a b i l i z e  t he  s o i l .  

Water-soil  con tac t  angles  were ca l cu la t ed  from t h e  th ickness  

of a "drop" of water  on t h e  t r e a t e d  s o i l  su r f ace .  S o i l  was - 

packed i n t o  a p e t r i  d i sh  per  t h e  1967 procedure and was t r e a t e d .  

The d ish  w a s  placed on a mach in i s t ' s  s u r f a c e  p l a t e  and readings  

of s o i l  s u r f a c e  p o s i t i o n  were made wi th  a v e r t i c a l  probe on a 

mach in i s t ' s  he igh t  gage. A drop of water  l a r g e  enough so  t h a t  

adding water did not  i nc rease  water  depth ( 3  t o  4 cm diameter)  

was placed on the  s o i l  s u r f a c e  and a reading of water  su r f ace  
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p o s i t i o n  was made wi th  the  he ight  gage, Drop th ickness  was t h e  

d i f f e r e n c e  between t h e  two he igh t  gage readings ,  Contact angle  

8 was ca l cu la t ed  wi th  the  equat ion  

- 3 
where p = dens i ty  of water i n  g cm , 

-2 
g = g r a v i t a t i o n a l  a c c e l e r a t i o n  i n  cm s e c  , 
R = drop he igh t  i n  cm, and 

-1 
v = su r f ace  t ens ion  of water  i n  dynes cm , 

2 
This b o i l s  down t o :  cos 8 = 1 - 6.7311 . 

The time r equ i r ed  f o r  va r ious  concent ra t ions  and amounts of 

m a t e r i a l s  t o  soak i n t o  t h e  s o i l  and t h e  depth t o  which s o i l  w a s  

s t a b i l i z e d  w a s  measured under t h r e e  condi t ions .  

1. Mate r i a l s  app l i ed  t o  s o i l  packed i n  p e t r i  d i shes  per  

t h e  1967 procedure. 

2.  Ma te r i a l s  app l i ed  as a coarse  spray  t o  Gran i t e  Reef 

s o i l  i n  12  x 38 x 5 cm-deep boxes. Dry s o i l ,  s ieved  through a  3 m 

screen ,  was poured i n t o  t h e  box u n t i l  i t  overflowed and was 

screeded off  l e v e l  w i th  t h e  top of t he  box. The l o o s e ,  dry s o i l  
-2 

was sprayed wi th  water  a t  a  r a t e  of 2.4 l i t e r s  m , d r i e d ,  sprayed 

wi th  water and d r i e d  again be fo re  t rea tment .  

3.  Mate r i a l s  app l i ed  t o  undis turbed ,  n a t u r a l  s o i l  a t  t he  

Grani te  Reef test s i t e .  

The d r ippe r  e ros ion  test w a s  modified t o  apply 1000 drops i n  

a  per iod  of 10 minutes.  The p e t r i  d i sh  was placed i n s i d e  a  500 m l  

beaker which g radua l ly  f i l l e d  wi th  the  water  being appl ied .  

During t h e  last one minute of the  t e s t  t h e  s o i l  sample was sub- 

merged and the  drops impacted on t h e  s o i l  s u r f a c e  through a  l a y e r  

of water  2 mm t h i ck .  Under t hese  cond i t i ons ,  m a t e r i a l s  1, 2,  5 ,  
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and 6 stopped a l l  e ros ion  when appl ied  a t  a r a t e  of 236 g s o l i d s  m-2 

i n  a 10 percent  concen t r a t ion  without  inc luding  a water  r e p e l l e n t  

i n  t h e  a p p l i c a t i o n .  Ma te r i a l  4, without  water  r e p e l l e n t ,  stopped 

e ros ion  when 165 g s o l i d s  m-' were appl ied  i n  a 6 percent  concen- 

t r a t i o n .  Ma te r i a l  3 was i n e f f e c t i v e  a lone ,  bu t  wi th  the  i n c l u s i o n  

of 3 percent  by weight of app l i ed  f l u i d  of SMS (sodium methyl 
-2 s i l i c o n a t e )  stopped e ros ion  when 47 g s o l i d s  m were app l i ed  a s  

a 2 percent  s o l u t i o n .  

Without inc luding  a water  r e p e l l e n t  i n  t he  t r ea tmen t ,  contac t  

angles  f o r  t h e  m a t e r i a l s  were: 1 - 114', 2 - 93O, 3 - oO,  4 - l l o O ,  
5 - 130°, and 6 - 136'. Ma te r i a l  6 has no t  y e t  been checked wi th  

water  r e p e l l e n t  included.  When SMS a t  3 percent  by weight of 

appl ied  f l u i d  was inc luded ,  con tac t  angles  were: 1 - 128', 

2 - 144O, 3 - 128O, 4 - l l o O ,  and 5 - 104'. Emulsions inc lude  

a s u r f a c t a n t  t h a t  may a l s o  be a water  r e p e l l e n t .  Ma te r i a l s  4 and 

5 were no t  improved by SMS and 6 probably w i l l  no t  be .  SMS re- 

duced the  con tac t  angle  f o r  m a t e r i a l  5 ,  probably because of an 

unfavorable  r e a c t i o n  wi th  t h e  s u r f a c t a n t  used a s  an  e m u l s i f i e r .  

SMS apprec iab ly  improved con tac t  angles  f o r  m a t e r i a l s  1, 2 ,  and 

3. 

A l l  m a t e r i a l s  appl ied  i n  concent ra t ions  of 10 percent  o r  l e s s  

immediately soaked i n t o  Grani te  Reef s o i l  compacted i n t o  p e t r i  

d i shes  per  t h e  1967 procedure. S o i l  was s t a b i l i z e d  t o  a depth of 

6 mm o r  more. However, none of t h e  m a t e r i a l s  pene t r a t ed  t h e  

s u r f a c e  of t h e  same s o i l  compacted by two cyc le s  of we t t i ng  and 

drying a s  descr ibed  i n  t h e  above s e c t i o n  on Procedure. Subse- 

quent a p p l i c a t i o n  t o  undis turbed ,  n a t u r a l  s o i l  a t  t h e  Grani te  

Reef t e s t  s i t e  showed t h a t  p e n e t r a t i o n  could be achieved bu t  t h e  

i n f i l t r a t i o n  r a t e  w a s  slow. Time i n  minutes f o r  i n f i l t r a t i o n  of 

1.8 l i t e r s  meL of 10 percent  concent ra t ions  was : 1 - 2.5,  

2 - 2.5, 5 - 5 .5 ,  and 4 - 2.5. I n f i l t r a t i o n  time f o r  1 . 8  l i t e r s  
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-2 
m of m a t e r i a l  3 i n  2 percent  and 1 percent  s o l u t i o n s  was 1.5 and 

0.5 minutes r e s p e c t i v e l y .  Except f o r  t he  10 percent  concen t r a t ion  

of m a t e r i a l  5 ,  where t h e  r e s i n  remained on t h e  s u r f a c e ,  t he  s o i l  

was s t a b i l i z e d  t o  depths ranging from 5  t o  LO mrn. 

A l l  of t h e  m a t e r i a l s  1 through 6  a r e  capable of s t a b i l i z i n g  

s o i l  aga ins t  ra indrop  e ros ion  and a l l  of them a r e  water  r e p e l l e n t .  

The i n f i l t r a t i o n  r a t e s  a r e  too  low f o r  s a t i s f a c t o r y  f i e l d  appl ica-  

t i o n .  Slow i n f i l t r a t i o n  means t h a t  t h e  appl ied  f l u i d  w i l l  c o l l e c t  

i n  micro-depressions so t h a t  a p p l i c a t i o n  w i l l  no t  be unif  o m .  

I n f i l t r a t i o n  r a t e s  a r e  a func t ion  of t h e  e f f e c t i v e  pore s i z e  of 

t h e  s o i l  s u r f a c e ,  diameter of emuls i f ied  r e s i n  p a r t i c l e s ,  e l e c t r i c a l  

charges on the  p a r t i c l e s ,  and v i s c o s i t y  of appl ied  f l u i d .  These 

f a c t o r s  w i l l  be examined i n  pending i n v e s t i g a t i o n s .  

PART V .  WATER REPELLENTS 

S o i l  can be made water  r e p e l l e n t  by t r e a t i n g  it wi th  s o l u t i o n s  

of s o l u b l e  s t e a r a t e s  and m e t a l l i c  s a l t s .  Work done i n  1960 in-  

d i ca t ed  t h a t  potassium s t e a r a t e  and aluminum c h l o r i d e  were s u i t a b l e  
il 

m a t e r i a l s .  The s t u d i e s  i nd ica t ed  t h a t  t he  s o i l  should dry between 

a p p l i c a t i o n s  of  soap o r  s a l t  s o l u t i o n s ,  which posed a  p o t e n t i a l l y  

s e r i o u s  problem f o r  f i e l d  a p p l i c a t i o n s .  During 1969 i t  was decided 

t h a t  t h e  c o s t  of soap-sa l t  t rea tments  was so low t h a t  a d d i t i o n a l  

work should be done wi th  these  m a t e r i a l s .  The 1969 s t u d i e s  in-  

d i c a t e  t h a t  t h e  1960 f ind ings  were i n  e r r o r  and t h a t  s o i l  t rea tment  

wi th  soap and s a l t  s o l u t i o n s  o f f e r s  promise of low c o s t  water  

ha rves t ing  . 
PROCEDURE : 

Grani te  Reef s o i l  was compacted i n  p e t r i  d i s h e s ,  t r e a t e d  and 

evaluated i n  accordance wi th  procedures  descr ibed i n  t he  1967 

Annual Report,  p l u s  measurement of time requi red  f o r  s o l u t i o n s  t o  

soak i n t o  the  s o i l .  
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RESULTS : 

Treatments included a l l  p o s s i b l e  v a r i a t i o n s  of t he  fol lowing:  

1. A l C l  s o l u t i o n s  of 0.5 percent  and 1.0 percent .  3 
2 .  K-soap s o l u t i o n s  of 0.5 percent  and 1 .0  pe rcen t .  

3 .  2 percent  po lyvinyl  a l coho l  i n  e i t h e r  A l C l  o r  K-soap 
3 

s o l u t i o n s .  

4. E i t h e r  A l C l  o r  K-soap appl ied  f i r s t .  3 
5. Drying o r  no dry ing  between s o l u t i o n  a p p l i c a t i o n s .  

A l l  s o l u t i o n s  were app l i ed  at a  r a t e  of 1 .7  l i ters m-'. 

The c e s t s  i n d i c a t e  t h e  fol lowing : 

1. So lu t ions  of 0.5 percent  concent ra t ion  were e f f e c t i v e .  

2.  Polyvinyl  a l coho l  could be app l i ed  i n  e i t h e r  t h e  A l C l  o r  3 
K-soap s o l u t i o n  i f  t h e  K-soap concent ra t ion  w a s  0.5 percent .  

3. With 0.5 percent  concen t r a t ions ,  t h e  o rde r  of applying K-soap 

o r  A l C l  s o l u t i o n s  d i d  no t  seem t o  make any d i f f e rence .  3 
4. Drying s o i l  a f t e r  applying t h e  f i r s t  s o l u t i o n  r e s u l t e d  i n  

a l l  cases  i n  slow i n f i l t r a t i o n  of  t h e  second s o l u t i o n .  

The b e s t  t rea tment  appeared t o  be 0.5 percent  K-soap 1- 2 per- 

cen t  PVA followed by immediate a p p l i c a t i o n  of 0.5 percent  A l C l  
3 ' 

Erosion w a s  l i g h t ,  about 2 mm a f t e r  1000 drops. S o i l  s t a b i l i t y  

and water r epe l l ency  w a s  ev ident  t o  a depth of 1 cm. The s o i l -  
0 

water  con tac t  angle  was 145 . 
These r e s u l t s  a r e  pre l iminary .  Considerable eva lua t ion  under 

d i f f e r e n t  cond i t i ons  and on o t h e r  s o i l s  is necessary  be fo re  any 

d e f i n i t e  conclusions can be reached. 

PART V I .  OPTIMUM DESIGN OF CATCHMENT AND STORAGE 

In  the  p a s t ,  t he  s i z e s  of catchment and s t o r a g e  u n i t s  f o r  

l i v e s t o c k  water  have u s u a l l y  been determined by precedent ,  

i r r e s p e c t i v e  of r a i n f a l l  o r  a c t u a l  water  requirements .  The 
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standard u n i t  has o r d i n a r i l y  had a  catchment a r e a  of approxi- 
2 

mately 950 m2 (10,000 f t  ) and a  s to rage  of 75,000 t o  150,000 

l i t e r s  (20,000 t o  40,000 ga l lons )  without  regard  t o  r e l a t i v e  u n i t  

c o s t s  of catchment and s to rage .  

For each water  ha rves t ing  catchment t h e r e  can be a t  l e a s t  two 

combinations o r  catchment and r e s e r v o i r  s i z e s  which w i l l  provide 

an adequate water  supply.  These can c o n s i s t  of a  r e l a t i v e l y  

smal l  catchment a r e a  and a  l a r g e  r e s e r v o i r  f o r  s t o r i n g  water  during 

per iods  of low p r e c i p i t a t i o n ;  o r  a  smal le r  r e s e r v o i r  and a  l a r g e  

catchment which c o l l e c t s  more water  during low p r e c i p i t a t i o n  

per iods .  The lowest cos t  design w i l l  be determined by t h e  r e l a t i v e  

u n i t  cons t ruc t ion  c o s t s  of catchment and s to rage .  

The computations necessary  f o r  determining t h e  r e l a t i v e  

s i z e s  of catchment and s t o r a g e  f o r  lowest c o s t  a r e  n o t  d i f f i c u l t ,  

bu t  a r e  t ed ious  and time consuming when cons ider ing  a l l  p o s s i b l e  

combinations of r a i n f a l l ,  water  requirements ,  and u n i t  cons t ruc t ion  

c o s t s .  A computer program was w r i t t e n  which determines t h e  com- 

b i n a t i o n  of catchment and r e s e r v o i r  s i z e  wi th  the  lowest t o t a l  

cos t  when suppl ied  wi th  information on t h e  quan t i t y  of water  

requi red  by months o r  weeks, t h e  amount of p r e c i p i t a t i o n  by months 

o r  weeks, and the  u n i t  cons t ruc t ion  c o s t s  of catchment and s to rage .  

The program and examples of i t s  use w i l l  be publ i shed  i n  1970. 

SUMMARY AND CONCLUSIONS: 

The Metate catchment w a s  widened by i n s t a l l a t i o n  of a d d i t i o n a l  

a spha l t - f i be rg l a s s  along one edge. It w a s  discovered t h a t  very  

simple equipment can be used during i n s t a l l a t i o n .  Af t e r  f a i l u r e  of 

the  a s p h a l t  pump, t h e  a s p h a l t  was bucketed on and spread wi th  cedar 

branches. A s e a l c o a t  of c l a y  emulsion w a s  appl ied  and t h e  catchment 

i s  i n  e x c e l l e n t  condi t ion .  The a spha l t - f i be rg l a s s  r e s e r v o i r  l i n i n g  

shows no s i g n s  of d e t e r i o r a t i o n  a f t e r  6 yea r s .  
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The g ra s s  was burned on the  Seneca catchment and s o i l  

s t e r i l a n t  appl ied  i n  t he  s p r i n g  of 1969. I n  June 1969 a com- 

b i n a t i o n  s o i l  s t a b i l i z e r - w a t e r  r e p e l l e n t  t reatment  was app l i ed .  

Inspec t ion  4 months l a t e r  showed the  s t a b i l i z e r  was s t a r t i n g  t o  

d e t e r i o r a t e  bu t  t he  water  repe l lency  was s t i l l  good. Considerable 

damage t o  the  b u t y l  l i n i n g  i n  t he  r e s e r v o i r  has  been caused by 

deer .  Because of ho les  i n  t he  l i n i n g ,  improper f l o a t  s e t t i n g s  

on t h e  water  t rough va lve ,  and evapora t ion ,  over  290,000 l i t e r s  

of water  have been l o s t .  

The s o i l  s t a b i l i z e r - w a t e r  r e p e l l e n t  t rea tment  on t h e  Guthrie  

Peak catchment completly f a i l e d  during the  year  because t h e  

t reatment  s o l u t i o n  did n o t  p e n e t r a t e  i n t o  the  s o i l .  The o t h e r  h a l f  

of t h e  catchment, which was covered wi th  b u t y l  shee t ing ,  shows 

advanced s i g n s  of d e t e r i o r a t i o n .  This is  a c l a s s i c  example of 

problems a s soc i a t ed  wi th  i n s t a l l a t i o n  of b u t y l  over rocks wi thout  

adequate p l o t  p repa ra t ion .  

Pretreatment  o r  c a l i b r a t i o n  measurements of r a i n f a l l  and 

runoff were continued a t  t h e  Monument Tank t e s t  s i t e .  R a i n f a l l  

was found t o  be somewhat more v a r i a b l e  than i n  prev ious  y e a r s ,  t h e  

monthly t o t a l s  vary ing  by 20 percent  and the  annual va lues  by LO 

percent .  Data c o l l e c t e d  dur ing  t h e  p a s t  t h r e e  yea r s  i n d i c a t e  an 

average annual  r a i n f a l l  of 360 mm f o r  t h e  a r ea .  

Analysis  of t h e  d a t a  was i n i t i a t e d ,  and cons i s t ed  of an 

i n v e s t i g a t i o n  of t h e  r a in fa l l - runof f  r e l a t i o n s h i p s  f o r  t he  va r ious  

watersheds during t h r e e  i s o l a t e d  ra ins torms.  This  pre l iminary  

a n a l y s i s  i nd ica t ed  cons iderable  i nc rease  i n  runoff  from t h e  l ined-  

channel watersheds.  The average runoff  from t h e  watershed a r e a s  

during the  th ree  s torms v a r i e d  from: 2 - 19 percent  f o r  t he  smal l  

n a t u r a l  watershed ( I ) ,  60 - 68 percent  f o r  t h e  p a r t i a l l y  l i ned -  

channel watershed ( 3 ) ,  and 44 - 75 percent  f o r  t he  completely 

l ined-channel watershed (2 ) .  There was no runoff  recorded from 

the  l a r g e  n a t u r a l  watershed (4)  during these  p a r t i c u l a r  storms. 
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The runoff from only t h e  un t r ea t ed  watershed p o r t i o n s  of 

watersheds 2 and 3 can be es t imated  by assuming a c e r t a i n  percent- 

age of t he  r a i n  f a l l i n g  on t h e  l i n e d  channels runs  o f f ,  and then  

s u b t r a c t i n g  t h i s  p o r t i o n  from t h e  t o t a l  runoff observed. Using 

va lues  of runoff  from t h e  l i n e d  channels of 80 o r  85 pe rcen t ,  

t he  runoff from t h e  n a t u r a l  a r e a  of watersheds 2 and 3 was cal-  

cu la ted  t o  be 1 - 30 percent  and 34 - 42 percent  r e s p e c t i v e l y .  

These c a l c u l a t i o n s  i n d i c a t e  t h a t  watersheds 1 and 2 respond 

s i m i l a r l y  and suggest  t h a t  channel  l o s s e s  a r e  not  s i g n i f i c a n t l y  

l a r g e  on watershed 1. Watershed 3 a l s o  has l i t t l e  channel  l o s s  

and the  type and i n t e n s i t y  of t h e  s torm d id  no t  have much e f f e c t  

on the  percent  runoff .  The s t e e p e r  s lope  and d i f f e r e n t  s o i l  type 

on watershed 3 could cause t h e  noted s t a b i l i t y  of runoff .  Water- 

shed 3 was a l s o  found t o  respond r a p i d l y  t o  r a i n f a l l  even t s  and 

thus  produce t h e  most d e s c r i p t i v e  water  s t a g e  t r a c e .  

Runoff from t h e  th ree  p l o t s  w i th  s i n g l e  a p p l i c a t i o n s  of 

Venezuelan a s p h a l t  a t  the  Grani te  Reef t e s t i n g  s i t e  has  continued 

t o  decrease ,  bu t  s t i l l  exceeds 45 percent  of t he  r a i n f a l l .  This  

was t h e  f i n a l  year  i n  t h e  f ive-year  s tudy.  The t rea tments  a r e  

s t i l l  i n  f a i r  cond i t i on  and have l a s t e d  much longer  than  s i m i l a r  

a p p l i c a t i o n s  of l o c a l l y  a v a i l a b l e  Ca l i fo rn i a  a s p h a l t .  The cos t  

of water  c o l l e c t e d  from the  t rea tments  s i n c e  i n s t a l l a t i o n  is 

approximately 87 c e n t s  per  1000 ga l lons .  The two p l o t s  of two- 

phase a s p h a l t  averaged l e s s  than  90 percent  runof f .  Cracks and 

numerous smal l  pock marks have developed i n  t h e  pavement s u r f a c e s ,  

causing increased  r e t e n t i o n .  

The 30-mil ch lo r ina t ed  polyethylene shee t ing  p l o t  was t h e  

most e f f e c t i v e  t rea tment  during 1969, averaging 96 percent  runoff .  

The shee t ing  i s  s l i g h t l y  water  r e p e l l e n t  and has few wr inkles .  

As  a r e s u l t ,  t h e r e  is ve ry  l i t t l e  r e t e n t i o n  on the  p l o t .  The 

15-mil b u t y l  shee t ing  averaged 89 percent  runof f .  The s h e e t i n g ,  
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not  water  r e p e l l e n t ,  is severe ly  cha lk ing ,  and r e q u i r e s  an appre- - 
c i a b l e  quan t i t y  of r a i n f a l l  be fo re  runoff occurs .  The I - m i l  

aluminum f o i l ,  averaging only 8 1  percent  runof f ,  i s  s t a r t i n g  t o  

develop p inholes ,  apparent ly  as a r e s u l t  of co r ros ion  by s a l t y  

s o i l  blown onto the  p l o t  by wind. Runoff from t h e  vinyl-coated 

a spha l t - f i be rg l a s s  averaged only 85 percent  f o r  t h e  year .  The 

su r f ace  i s  i n  e x c e l l e n t  cond i t i on ,  is  s l i g h t l y  water  r e p e l l e n t ,  

and should y i e l d  100 percent  runof f .  The s tandard  g r a v e l  roo f ing  

covering averaged 74 percent  runof f .  The g rave l  r e t a i n s  an  

average of 2 mm of r a i n f a l l  per  storm. The t o t a l  runoff from 

32 s e p a r a t e  storms w a s  60 mm l e s s  than the  r a i n f a l l .  A catchment 

of concre te  averaged 71 percent  runof f .  The low e f f i c i e n c y  i s  a 

r e s u l t  of l a t e r a l  c racks  i n  t h e  concre te .  

The sodium carbonate  t rea tment  on the  r idge  and furrow p l o t  

averaged only 9 1  percent  of runoff  from a s i m i l a r  un t r ea t ed  p l o t ,  

showing t h a t  a l l  e f f e c t  of t he  s a l t  t rea tment  has disappeared i n  

3 years .  Comparison of runoff from a c l ea red  watershed t o  a 

s i m i l a r  uncleared watershed f o r  t h e  p a s t  6 yea r s  i n d i c a t e d  t h a t  

regrowth of brush is s t a r t i n g  t o  reduce t h e  quan t i t y  of runoff .  

Runoff from t h r e e ,  smoothed un t r ea t ed  p l o t s  is  less than  measured 

i n  preceding yea r s .  This apparent ly  r e s u l t s  from v a r i a t i o n s  i n  

r a i n f a l l  c h a r a c t e r i s t i c s  r a t h e r  t han  d e t e r i o r a t i o n  of t he  smoothed 

s o i l  su r f ace .  A r e g r e s s i o n  a n a l y s i s  of runoff from one of t h e  

smoothed un t r ea t ed  p l o t s  v s .  t h a t  from an uncleared watershed 

ind ica t ed  t h a t  t h e  r a in fa l l - runof f  r e l a t i o n s h i p  between t h e  two 

p l o t s  has no t  changed s i g n i f i c a n t l y .  Runoff from t h e  water- - 

r e p e l l e n t  p l o t  had decreased t o  40 percent  of t he  runoff .  A 

d e t a i l e d  s tudy of t h e  degree of water  r epe l l ency  ind ica t ed  

approximately 70 percent  of t h e  p l o t  showed no s i g n s  of water  

repe l lency  on the  s o i l  s u r f a c e  compared t o  8 percent  2 years  ago. 

This p l o t  was r e t r e a t e d  wi th  a s i l i c o n e  water  r e p e l l e n t  and 
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averaged 86 percent  runoff  a f t e r  t rea tment .  The o r i g i n a l  t rea tment  

produced approximately 850 l i t e r s  of water  per  rn2 during t h e  52 

month s tudy  a t  a cos t  of 28 c e n t s  per  1000 ga l lons .  

S ix  commercially a v a i l a b l e  m a t e r i a l s  were examined i n  t he  

l abo ra to ry  f o r  e ros ion  r e s i s t a n c e ,  and i n  t he  l abo ra to ry  and t h e  

f i e l d  f o r  p e n e t r a t i o n  i n t o  s o i l .  A 1 1  of them a r e ,  o r  can be made, 

water  r e p e l l e n t .  A l l  of them can impart reasonable s t a b i l i t y  t o  

s o i l  s u r f a c e s  immediately a f t e r  t rea tment .  None of t h e s e  m a t e r i a l s  

soak i n t o  n a t u r a l ,  undisturbed sandy loam s o i l  r a p i d l y  enough f o r  

p r a c t i c a l  f i e l d  a p p l i c a t i o n .  Future work w i l l  be aimed a t  so lv ing  

t h i s  problem 

Laboratory s t u d i e s  of soap-sa l t  s o l u t i o n s  f o r  c r e a t i n g  hydro- 

phobic s o i l s  showed t h a t  s o i l  drying between s o l u t i o n  a p p l i c a t i o n s  

was n o t  d e s i r a b l e .  The b e s t  t reatment  on Grani te  Reef s o i l  appeared 

t o  be: (1) a p p l i c a t i o n  of a s o l u t i o n  conta in ing  0.5 percent  s o l u b l e  

s t e a r a t e  p l u s  2.0 percent  po lyvinyl  a l coho l ,  (2) immediate appl ica-  

t i o n  of a 0.5 percent  s o l u t i o n  of an  aluminum sal t .  Applying 
-2 

1 .7  l i t e r  m of each s o l u t i o n  r e s u l t e d  i n  good e ros ion  r e s i s t a n c e  
0 

and a soi l -water  con tac t  angle  of 145 , 

To a s s i s t  i n  t he  r a t i o n a l  design of water  ha rves t ing  s t r u c t u r e s ,  

a computer program was developed which determines t h e  r e l a t i v e  

s i z e s  of catchment and s t o r a g e  t o  provide adequate water  s u p p l i e s  

a t  t h e  lowest t o t a l  c o s t .  

PERSONNEL: L. E. Myers, G. W .  F r a s i e r  and K. R. Cooley. 

CURRENT TERMINATION DATE: December 1970. 
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Table 1. Watershed characteristics , 

WATERSHED 
 rea ate dl Natural Total 

7.6 acres 

173,800 ft2 

272,500 ft2 

15.1 acres 

330,000 ft 2 

7.6 acres 

182,000 ft2 
4.2 acres 

280,000 f t 
2 

6.4 acres 

656,000 ft2 
15.1 acres 

CHANNEL 
Main Lined Total 

Max. Difference 
in Elevation 

1/ Refers to lined ditches. 
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Table 2. Rainf all-runof f data. 

Date I Watershed I Average 
Rainfal l  

1 5.90 
2-3 1 2 1 1.93 O c t .  

Nov . 2 28.72 
1 9 6 8 /  

3 1 30.90 

Averape Runoff 

% (mm) 

2 .14 

44 2.59 

6 4 4.43 
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Table 3 ,  R a i n f a l l  and runoff  f o r  Esso p l o t s  a t  Gran i t e  Reef. 

Date T o t a l  E -  1 E- 2 E-3 E - 4  

R a i n f a l l  Runoff Runoff Runoff Runoff 

m mm % mm % rnm % mm % 

NOTE: Treatments app l i ed  10 Dec 1967, 

-2 
E-1 MC-800 Venezuelan a s p h a l t ,  1.95 kg a s p h a l t  m 

- 2 
E-2 RC-250 Venezuelan a s p h a l t ,  1.85 kg a s p h a l t  m . 
E-3 Smoothed un t r ea t ed .  

E - 4  RC-250 Venezuelan a s p h a l t  wi th  2% b u t y l  2.2 kg a s p h a l t  m-*. 
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Table 4 .  Treatments on paved or covered plots at Granite Reef. 

Plot Treatment Date Treatment 

8 Aug 1967 

22 Aug 1967 

20 May 1968 

30 Nov 1961 

18 Sep 1962 

16 Mar 1966 

19 Apr 1963 

8 May 1963 

9 Ju1 1963 

17 Feb 1966 

3 Aug 1967 

22 Aug 1967 

3 Aug 1967 

22 Aug 1967 

Jan 1968 

Basecoat. MC-250 at 1.5 kg asphalt m'2 

Topcoat. RSK asphalt emulsion at 0.7 kg 
-2 

asphalt m 

Top Sheeting. 30-mil chlorinated black 

polyethylene 

Butyl Rubber Sheeting. 15-mil 

Basecoat. S-1 at 1.04 kg asphalt m -2 

Topcoat. RSK asphalt emulsion at 0.6 kg 
-2 asphalt m 

- 2 Basecoat. RC-special at 1.5 kg asphalt m 

Topcoat South Half. SS-2 special asphalt 

emulsion at 0.65 kg asphalt m - 2 
with 3% butyl latex 

Topcoat North Half. S-1 at 0.5 kg asphalt 
-2 

m with 3% butyl latex 

Top Spray. Aluminum coating TS-A-1 at 
-2 

0.16 kg mater ia 1 m 

Basecoat. MC-250 at 1.5 kg asphalt mm2 

Top Sheeting. 1-mil aluminum foil bonded 

with RSK asphalt emulsion at 0.7 kg 
-2 

asphalt m 
-2 

Basecoat, MC-250 at 1.5 kg asphalt m 

Top Sheeting. 3 / 4  oz chopped fiberglass 

matting bonded with RSK asphalt 
- 2 

emulsion at 1.4 kg asphalt m 

Top Spray. Vinyl aluminum coating at 0.1 

gal yd-2 
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Table 4. (continued) Treatments on paved or covered plots at 

Granite Reef. 

Plot Treatment Date Treatment 
- -- 

A- 2 3 Aug 1967 Basecoat, MC-250 at 1.5 kg asphalt m 
- 2  

12 Sep 1967 Top Sheeting. Standard rag felt-rock 

roofing treatment 

A- 5 Sep 1968 Concrete slab 
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Table 5. Ra in fa l l  and runoff f o r  paved o r  covered p l o t s  a t  Granite  Reef. 

Date Total  G1 t 4  L- 5 L- 6 L- 7 A- 1 A- 2 A-5 

Rain fa l l  Runoff Runoff Runoff Runoff Runoff Runoff Runoff Runoff 

19 69 m m % mm % mm % m % mm % mm % mm "/, mm % 

14/15 Jan  

15 J a n  

19/20 J an  

21 Jan  

25/27 Jan  

6/7 Feb 

13 Feb 

18 Feb 

f 20 Feb 
t.2 
UT 22 Feb 

10 Mar 

L O / l l  Mar 

23 Mar 

11 Apr 

4 May 

5 kfay 

17 J u l  

18 J u l  

1/ Probable meter e r r o r ,  - 
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Table 5. (continued) Ra in fa l l  and runoff f o r  paved o r  covered p l o t s  a t  Granite Reef. 

Date Total  t l  J i 4  6 5  L-6 t 7  A- 1 A- 2 A- 5 

Ra in fa l l  Runoff Runoff Runoff Runoff Runoff Runoff Runoff Runoff 

1969 mm m % mm % mm % mm % mm % m % m % rn % 

23 J u l  16.4 14.3 87.3 10.2 62.2 14.3 87.3 16.1 98.3 13.9 84.8 15.0 91.4 14.4 87.8 14.4 87.8 

7 Aug 3.4 4.9 144.1 3.5 102.9 3.2 94.1 2.7 79.7 2.9 85.3 3.7 108.8 2.2 64.9 1.5 44.1 

14Aug 11.1 10.4 93.7 10.4 93.7 10.2 91.9 11.7 105.4 10.2 91.9 10.8 97.3 10.1 91.0 9.5 85.6 

28Aug 3.0 3.1 103.5 2.7 90.0 1.8 60.0 2.0 66.7 2.3 76.7 2.2 73.3 1.3 43.3 1.7 56.7 

4 Sep 4.4 3.9 88.6 3.5 79.5 3.5 79.5 3.2 72.7 3.1 70.5 3.2 72.7 2.6 59.1 2.0 45.5 

11/12 Sep 12.5 12.9 103.2 12.2 97.6 11.5 92.0 11.7 93.6 11.1 88.8 10.8 86.4 11.1 88.8 8.5 68.0 

15 Sep 8.4 7.8 92.9 7.3 86.9 7.2 85.7 6.6 78.6 6.5 77.4 6.3 75.0 5.3 63.1 5.4 64.3 

18 Oct 10.0 10.0 100.0 9.3 93.0 8.6 86.0 8.5 85.0 8.0 80.0 8.0 80.0 7.0 70.0 6.5 65.0 
.p 

N 
21 Oct 2.5 2.1 84.0 1.9 78.0 1.7 68.0 2.0 80.0 1.1 44.0 1.6 64.0 1.0 40.0 .4 16.0 

Q\ 9/10Nov 6.7 6.7 100.0 5.9 88.1 5.3 79.1 4.5 67.2 4.5 67.2 4.9 73.1 3.0 44.8 2.6 38.8 

10/11 Nov 5.8 5.8 100.0 5.6 96.6 5.3 91.4 5.3 91.4 4.7 81.0 5.1 87.9 5.5 94.8 3.8 65.5 

15Nov 5.5 5.5 100.0 4.8 87.3 4.7 85.5 4.5 81.8 3.9 70.9 3.9 70.9 3.6 65.5 2.7 49.3 

To ta l  232.2 223.8 96.4 207.5 89.4 191.8 82.6 207.0 89.1 187.7 80.8 197.3 85.0 172.3 74.2 164.7 70.9 
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Table 6. Treatments on ba re  s o i l  p l o t s  a t  Grani te  Reef. 

-- 

P l o t  Treatment Date 
-- -- 

Treatment 

30 Nov 1961 

4 Aug 1965 

6 Nov 1969 

1 Aug 1967 

LO Dec 1964 

1 Dec 1963 

1 Dec 1963 

1 Mar 1965 

13 May 1966 

Smoothed s o i l ,  14.14 m x 14.14 m p l o t  

Smoothed s o i l ,  14.14 m x 14.14 m p l o t  

t r e a t e d  wi th  R-9 a t  0.057 kg m-2 

Ret rea ted  wi th  R-9 a t  0.04 kg m m 2  

Smoothed s o i l ,  6 m x 30 m p l o t  

Smoothed s o i l ,  7.6 m X 15.2 m p l o t  

Uncleared watershed 

Cleared watershed 

Ridge and furrow - 10% s i d e  s l o p e  

Ridge and furrow - 10% s i d e  s lope  t r e a t e d  
-2 

wi th  44.9 g m sodium carbonate  
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Table 7 .  Ra in fa l l  and runoff f o r  bare  s o i l  p l o t s  a t  Grani te  Reef. 

Date To ta l  L- 2 L- 3 A-3 E-3 W- 1 W-3 R- 2 R-4 

Ra in fa l l  Runoff Runoff Runoff Runoff Runoff Runoff Runoff Runoff 

1969 mm mm X mm % mm % mm % mm % mm % mm % rmn X 

14/15 J an  

15 Jan  

19/20 Jan  

21 Jan 

25/27 J an  

617 Feb 

13 Feb 

18 Feb 

f 20 Feb 
w 
03 22 Feb 

10 Mar 

10/11 Mar 

23 Ear 

11 Apr 

4 May 

5 May 

17 J u l  

18 J u l  

Annual Report of the U.S. Water Conservation Laboratory



Table 7, (continued) R a i n f a l l  and runoff f o r  bare  s o i l  p l o t s  a t  Granite  Reef. 

Date Tota l  L- 2 L-3 A-3 E-3 W- 1 W-3 R- 2 R-4 

Ra in fa l l  Runoff Runoff Runoff Runoff Runoff Runoff Runoff Runoff 

1969 mm mm % mm % mm % mm % mm % mm % mm Z mm Z 

23 J u l  16.4 2/ 6.&/ 40.0 11.4- 70.0 7.5 45.7 6.0 36.6 4.3 26.3 5.2 31.7 6.3 38.4 6.7 40.9 

7 Aug 3.4 0 0 0 0 0 0 .4 11.8 0 0 0 0 0 0 0 0 

14Aug 11.1 5.3 47.7 7.6 68.5 7.0 63.1 6.5 58.6 4.0 36.1 5.3 47.7 6.9 62.2 6.0 54.1 

28 Aug 3.0 0 0 .4 13.3 0 0 .6 20.0 0 0 0 0 0 0 0 0 

4 S e p  4.4 0 0 .5 11.4 .7 15.9 .6 13.6 .2 4.5 . l  2.3 .6 13.6 .1 2.6 

11/12 Sep 12.5 2.1 16.8 5.0 40.0 3.2 25.6 2.6 20.8 1.1 8.8 1.6 12.8 2.6 20.8 2.3 18.4 

15 Sep 8.4 1.8 21.4 3.4 40.5 2.9 34.7 2.2 26.2 .4 4.7 .9 10.7 2.2 26.2 2.0 23.8 

1 8 O c t  10.0 1.8 18.0 3.5 35.0 1.6 16.0 1.5 15.0 .3 3.0 .6 6.0 2.1 21.0 1.2 12.0 

f 21 Oct 2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
N 
UY 9/10Nov 6.7 0 0 4.6- 68,7 0 0 0 0 0 0 0 0 0 0 0 0 

3 / 

10/11 Nov 5.8 0 0 5,8 100.0 0 0 0 0 0 0 0 0 0 0 0 0 

15 Nov 5.5 0 0 4.9 89.1 0 0 .4 7.3 0 0 0 0 0 0 0 0 

3 / 4 D e c  9.6 1.2 12.5 8.0 83.3 1.9 19.8 1.5 15.6 1.6 18.9 .2 2.1 1 ,8  18.8 1.1 11.5 

28 Dec 18.2 0 0 16.0 87.8 0 0 .3 1.6 0 0 0 0 0 0 0 0 

- - -  

Tota l  232.2 37.0 15,9 114.5 49.3 50.9 21.9 46.9 20.2 23.2 10.0 27.2 11.7 46.1 19.9 41.9 18.0 

1/ Meter malfunction, runoff est imated a t  40 percent  by comparison with P lo t  A-3 and storm on 10 Mar 1969. - 
2/ Meter malfunction, runoff est imated a t  70 percent  by comparison with storm on 10 Mar 1969. - 
3/  P lo t  r e t r e a t e d  on 6 Nov 1969., - 
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TIME ( H O U R S )  
FIGURE 1. Stage vs. time for storm of Oct. 2, 1968 on three Monument Tank 

watersheds. 
4-30 
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TITLE : CLAY DISPERSANTS FOR THE REDUCTION OF SEEPAGE 

LOSSES l%OM RESERVOIRS. 

CRZS WORK UNIT: SWC 018-gG-2 CODE NO,:  Ariz,-WCL 64-3 

INTRODUCTION : 

Water l o s s  observa t ions  and s o i l  ana lyses  were made on two 

ponds t r e a t e d  w i t h  sodium carbonate  t o  reduce seepage,  Because of 

i nc reas ing  seepage lo s se s ,  bo th  ponds were r e t r e a t e d  w i t h  sodium 

carbonate  i n  t h e  summer of 1968, 

PROCEDURE :: 

Dick Mason, Treated i n  J u l y  1965, t h i s  pond had maintained a -- 
low seepage r a t e  (3 mm/day) through October 1968. Measurements i n  

May 1969 showed t h a t  t h i s  r a t e  had increased  t o  8 mm/day, and 

analyfiis of s o l 1  samples showed an ESP of 3 , 5  i n  t he  0-10 c m  

depth,  The pond was r e t r e a t e d  i n  August 1969 w i t h  800 pounds of 
2 

sodium carbonate  spread on 7250 f t  of pond s o i l  f o r  a des ign  ESP 

of  14 i n  t he  t op  1 0  cm of s o i l .  

House Mountain No, 1. In  J u l y  1963 t h i s  pond was t r e a t e d  w i t h  

sodium carbonate  and was g iven  a "booster  s h o t ' ~ s o d i u m  carbonate  

and sodium c h l o r i d e  added t o  t h e  water )  i n  November 1966 r o  main- 

t a i n  low seepage r a t e s ,  

Seepage measurements i n  l%iy 1969 showed an inc rease  t o  

8 mm/day from i t s  previous low r a t e  of 3 mdday ,  S o i l  ana lyses  

slrowcd an ESP of  1-2 i n  t h e  top  10 c m  of s o i 1 ,  The pond wns 

r e t r e a t e d  i n  June 1969 w i t h  2300 pounds of sodium carbonate  spread 
2 

on 17,950 f t  f o r  a des ign  ESP of 14 i n  t h e  t o p  10  cm of s o i l ,  

This  t rea tment  was no t  a boos t e r  sho t  but was a complete r e t r e a t -  

ment t o  r e s t o r e  t h e  high sodium l e v e l  i n  the  s o i l ,  

RESULTS AND DISCUSSZON: 

Through October 1969 t h e r e  was no runof f  i n t o  e i t h e r  Dick 

Mason o r  House Hountain No. 1 ponds, and eva lua t ion  of t he  eEEec- 

t i venes s  of t h e  r e t r ea tmen t s  could not be made. From our 
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experience,  i t  appears t h a t  the i n i t i a l  t reatment  of a pond wi th  

sodium carbonate  w i l l  maintain low seepage r a t e s  f o r  about 3 yea r s .  

The add i t i on  of a much l e s s  amount of s a l t  t o  t h e  pond water  

every o the r  year  seems t o  maintain the  low r a t e  f o r  a t  l e a s t  

2 years .  I n i t i a l  maperial  c o s t  i s  about $200 per  acre ,  while  

each b iyea r ly  a d d i t i o n  c o s t s  about $60 per  ac re .  I f  boos te r  

s h o t s  a r e  not given t o  t he  pond as  requi red ,  complete re t rea tment  

of the  pond may be necessary,  

SlJMWRY AND CONCLUSIONS : 

The use of sodium carbonate  (soda ash)  t o  t r e a t  s o i l  f o r  

reducing seepage from ponds has been shown t o  be highly succes s fu l .  

 nou ugh soda ash i s  spread on the  s o i l  and mixed i n  t o  g ive  an 

cxchange~b le  sodium percentage of about 15 inches i n  tile top  

10 cm of s o i l .  This i n i t i a l  t rea tment  has l a s t e d  a t  l e a s t  3 years  

i n  f i e l d  t r i a l s .  Af t e r  t h i s  3-year period, soda ash and sodium 

ch lo r ide  can be added t o  t he  water  (much l e s s  than used i n  the  

i n i t i a l  t rea tment )  every o the r  year  t o  maintain low seepage r a t e s .  

The average c o s t  of ma te r i a l  f o r  t he  i n i t i a l  t rea tment  i s  

about $200 per ac re  w i t h  subsequent add i t i ons  of about $60 every 

o the r  y e a r ,  

PERSONNEL: Robert J. Reginato and Lloyd E.  Myers 

CURRENT TERMINATION DATE: Dcccmber 1970 
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TITLE : DISPERSION AND FLOCCULATION OF SOIL AND CLAY 

MATERIALS AS RELATED TO THE Na AND Ca STATUS 

OF THE AMBIENT SOLUTION. 

CRIS WORK UNIT: SWC-018-gG-2 CODE NO. : Ariz-WCL-64-6 

PART I. HYDROLYSIS OF CaC03, Na2C03 AND NaHC03 AND THEIR 

COIBINATIONS I N  THE PRESENCE AND ABSENCE OF EXTERNAL 

C02 SOURCE 

INTRODUCTION : 

I n  ou r  program of  water conserva t ion ,  sodium s a l t s  have been 

used f o r  s e a l i n g  ponds and f o r  i n c r e a s i n g  p r e c i p i t a t i o n  runoff 

(Annual Reports 1963-1968) . The chemical p roper ty  of t h e  s o i l  

governs t o  a l a r g e  degree  t h e  t ype  of s a l t  most s u i t a b l e  f o r  

t rea tment .  With ca lcareous  s o i l s ,  we found t h a t  Na CO works 
2 3 

b e t t e r  than o t h e r  sodium compounds i n  pond s e a l i n g ,  and Lx-r thLs 

c a s e  t h e  s a l t  s e r v e s  a twofold purpose: The f i r s t  is  t o  supply 

t h e  sodium necessary  f o r  c r e a t i n g  an environment f avo rab l e  

f o r  s o i l  swe l l i ng  and d i s p e r s i o n  wi th  consequent dec rease  i n  

wa te r  pe rmeab i l i t y .  The second is t o  i n a c t i v a t e  t h e  rep laced  

and o t h e r  sou rces  of  f r e e  calcium and magnesium by p r e c i p i t a t i n g  

and/or  complexing them. The sal t  a d d i t i o n  w i l l  change t h e  qua l i cy  

of t h e  pond w a t e r ,  and thus  an understanding of t h e  chemical 

i n t e r a c t i o n  of Na2C03 wi th  water  and CaC03 i n  p a r t i c u l a r  is 

necessary f o r  provid ing  u s e f u l  p r e d i c t o r s  of s a l t  treatnrcnt,  

The pre- and p o s t - s a l t  t rea tment  p r e s e n t  a wide spectrum 

of hyd ro lys i s  cond i t i ons  ranging  from a s t r i c t l y  CaCO t o  a 3 
CaC03-Na2C03, t o  a N a  CO dominant system, a l l  of which can occur .  

2 3 
i n  t h e  presence o r  absence of a tmospheric  and o t h e r  sou rces  of- CO 

2'  
S i m i l a r  s i t u a t i o n s  occur  n a t u r a l l y  i n  a l k a l i  s o i l s .  A s e l e c t e d  

few of t he  preceding condi t ions  have been t h e o r e t i c a l l y  t r e a t e d  

by Garre l s  and C h r i s t  ( 6 ) ,  Ponnamperuma (19) , and Turner (20) , 
bu t  a complere d e s c r i p t i o n  of t h e  e n t i r e  range of t h e  hyd ro lys i s  

process  is  n o t  a v a i l a b l e .  
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Exi s t ing  methods f o r  p r e d i c t i n g  pH's over  t he  wide range 

of condi t ions  and combinations were found t o  b e  inadequate .  A 

c r i t i c a l  review of t h e s e  techniques showed t h a t  t h e  primary 

shortcoming has been the  i n t r o d u c t i o n  of c e r t a i n  s imp l i fy ing  

assumptions i n  t h e  d e r i v a t i o n  of t he  equat ions  which were 

necessary t o  make t h e  coinputation amenable t o  s t r a igh t fo rward  

numerical manipulat ion.  Unfortunately,  t h e  reasons f o r  making 

such assumptions a r e  f r equen t ly  overlooked and consequently 

no cons ide ra t ion  is  a f fo rded  any r e s u l t a n t  l i m i t a t i o n .  Purther-  

more, t h e s e  ove r s igh t s  become entrenched i n  t h e  l i t e r a t u r e .  I n  

t h i s  s e c t i o n  t h e  hydro lys i s  of CaC03, Na2C03, and NaI-ICO w i l l  b e  
3  

reexamined i n d i v i d u a l l y  and i n  combination wi th  each o t h e r  

wi th  computations based on uns impl i f ied  t h e o r e t i c a l  equat ions 

f o r  p red ic t ing  t h e  h y d r o l y t i c  i o n i c  components i n  s o l u t i o n .  

The hydro lys is  of Na2C03 a l o n e  was s u p e r f i c i a l l y  t r e a t e d  i n  t h e  

1968 Annual Report .  The t rea tment  w i l l  be  f u r t h e r  expanded t o  

inc lude  t h e  "open" and "closed" systems,  experimental  measure- 

ments, and a c t i v i t y  c o e f f i c i e n t  func t ions .  The des igna t ion  

"closedt1 system i n d i c a t e s  t h a t  no e x t e r n a l  source  of GO2 is 

p re sen t ,  and does n o t  mean t h e  t o t a l  absence of CO s i n c e  i t  
2 

w l l l  bc? p re sen t  i n  a  carbonate  s o l u t i o n  i n  equ i l i b r ium wi.t; l l  

the other carbonate  forms. 

Na2C03 "Closed" System. Thc mass and charge baLaticc 

r e l ac ions  f o r  desc r ib ing  t h e  equ i l i b r ium cond i t i on  of a N ~ ~ C O ) '  

s y s  tem a t  a  t o t a l  carbonate  concen t r a t ion  C a r e  a s  fo l lows:  

Mass : 
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Charge : 

The concen t r a t ion  of t h e  d i f f e r e n t  components can be descr ibed  

by t h e i r  d i s s o c i a t i o n  cons tan ts  a s  

wllere C l i e  bracke t ,  [ I  , r ep re sen t s  concent ra t ion ,  tlle parent11 esis , 0, 
a c t i v i t y ,  2nd gamma, Y ,  t he  a c t i v i t y  c o e f f i c l e n t  where Y = 

1 
Y + , Y  - g: 

11 z - 'OH-9 '3 Y l ~ ~ ~ ; s  
Y 4  = Y , 2 - .  

C03 
-k 

By so lv ing  f o r  [H CO 1, [GO:-1, and [OH-] i n  terms of (I1 ) 
2 3 

and [HCO;] i n  equat ions  ( 4 ) ,  (5) , and (6)  and s u b s t i t u t i n g  i n t o  

(1) and (2) , we have 
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S o l u t i o n  of t h e  p a i r  o f  s imul taneous  l i n e a r  e q u a t i o n s  ( 7 )  and 
+ 

(8) p e r m i t s  t h e  c a l c u l a t i o n  of (H ) ,  which i s  i n  t h e  q u a r t i c  

form 

where 

4= + 
mass ba lance  e q u a t i o n  (2) [Na ] = C i s  used  i n s t e a d  o f  [Na ] = 

+ 
2C. The e q u a t i o n  f o r  (H ) computat ion has  t h e  same form as 

e q u a t i o n  ( 9 ) ,  b u t  t h e  F  c o e f f i c i e n t s  a r e  now F = Y /Y K F - =  1 3 1 lA'  2  
Cy3/KlA + l / Y l ,  F3 = Y 3 2 A  K / Y  1 4  Y - y3Kw/y2K,,, F4 = -($/Y2 + 
CY K / Y  ) , and F5 = - Y ~ K ~ K ~ ~ / Y  ,Y 4 .  3 2A 4 

Annual Report of the U.S. Water Conservation Laboratory



CaCO U CO "Closed" System. A m i x t u r e  of Na- and Ca- 
3-Ia2 3 

c a r b o n a t e s  y i e l d s  charges  and c a r b o n a t e  masses a s  i n d i c a t e d  

by e q u a t i o n s  (3) and ( 7 )  of t h e  p reced ing ,  b u t  i n  a d d i t i o n ,  

c a r b o n a t e  and charges  r e p r e s e n t e d  by "St' a r i s i n g  from t h e  CaCO 
3 

s o l i d  be ing  hydrolyzed mus t b e  cons idered .  Th is  s i t u a t i o n  

is  r e l a t e d  t o  i t s  s o l u b i l i t y  p r o d u c t  I< as 
S 

2+ 2- 
K, = (Ca ) (GO3 ) 

Thus, t h e  mass and charge  b a l a n c e  becomes, r e s p e c t i v e l y  

4- 
Solv ing  f o r  (16) and (17) i n  tennv of ( H  ) arid [IICO-J 

3 
and Le t t ing  Y = 

5 ' ~ a  
2-t- l e a d s  t o  t h e  r e l a t i o n  
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Equa t ions  (18) and (19) , a p a i r  o f  n o n l i n e a r  s imul taneous  
4 2+ " 

e q u a t i o n s ,  can be  s o l v e d  f o r  (H ) ,  [HCO;], ICO;-.], [Ca 1, and 

1OH-] on t h e  computer a s  a  f u n c t i o n  of t h e  Na CO added t o  a 
2 3 

s a t u r a t e d  CaCO s o l u t i o n .  Lf Na GO concen t ra t . ion  i s  set. t o  
3 2 3 

z e r o ,  we have a  c l o s e d  CaCO sys tem and a  h i g h l y  s i m p l i f i e d  3 
c o n d i t i o n  which may b e  r e l a t e d  t o  CaCO e q u i l i b r i u m  i n  groundwater .  3 
I f  "S1' i n  e q u a t i o n  (16) is  equa ted  t o  t h e  d i s s o l v e d  c a r b o n a t e  

c o n t e n t  i n  rainwater i n  e q u i l i b r i u m  w i t h  a tmospher ic  CO w i t h  
2  

consequent  i s o l a t i o n 9  as would b e  t h e  c a s e  o f  r a p i d l y  i n £  i l t r a t i n g  

r a i n w a t e r ,  t h e  component c o n c e n t r a t i o n s  can a l s o  b e  c a l c u l a t e d  

w i t h  t h e s e  sets of e q u a t i o n s .  Turner  (20) and Garrels and 

C h r i s t  (6 )  a l s o  have made estimates o f  t h e  pH f o r  t h i s  s p e c i a l  

c a s e .  

CaCO. -NaHC03 "CJ oscd"  Sys tern. A s  no Led i n  t h e  NnllCO 
3 ----.- - -- 3 

"cl.osed" sys tem s e c t i o n ,  t h e  pli f o r  t h e  CaCO -NaHCO "closed"  
3 3 

system i s  e s t i m a t e d  i n  t h e  same manner as t h e  CaCO -Na, CO "c losed"  
3 2 3  

system.  The "2C1' term i n  e q u a t i o n  (19) is  r e p l a c e d  by "6" f o r  

t h e  NaklCO -CaCO combinat ion,  and e q u a t i o n s  (18) and (19) a r e  3 3 
4- 

s o l v e d  s i m u l t a n e o u s l y  f o r  (H ) and [ K O - ]  . The o t h e r  c a r b o n a t e  3 
c o n s t i t u e n t s  a r e  o b t a i n e d  u s i n g  e q u a t i o n s  (16) and (17) . 

Na CO -C02 "Open" System. The open system call be hrea ted  2 3 
ana logous ly  t o  t h e  c l o s e d  sys tem,  except: t h a t  a n  a d d i t i o n a l  

f a c t o r ,  tlie H CO a c t i v i t y  (H CO + C02), i n  ecluil ibriuin w i t t ~  2 3 2 3 
gaseous  CO must b e  c o n s i d e r e d ,  which i s  

2  

where k is  Henry 's  l a w  c o n s t a n t  f o r  t h e  s o l u b i l i t y  o f  CO and 
2 ' 

P i s  t h e  p a r t i a l  p r e s s u r e  o f  GO2. The charge  b a l a n c e  i n  t h i s  
2- 

c a s e ,  u s i n g  e q u a t i o n  (3 )  and s u b s t i t u t i n g  [HCO-] and [CO ] i n  
4 

3 3 
terms of [ H  1 ,  is  
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which can b e  r e a r r a n g e d  t o  

Ponnamperuma (19)  made a  s e t  o f  s i m p l i f i c a t i o n s  t o  reduce 

equatiion (22 )  t o  a  qu i ld ra r ic  form; then  f u r t i l e r  simp 1 i f  i eti 

t l ~ e  r e s u l t a n t  q u a d r a t i c  e q u a t i o n .  S i n c e  t h e  e q u a t i o n s  

r e p r e s e n t e d  h e r e  were s o l v e d  on a  computer,  t h e r e  was no 

r e a s o n  t o  d e f e r  t o  t h e  s i m p l i f i e d  form. However, t h e  two 

methods a r e  compared i n  t h e  R e s u l t s  and D i s c u s s i o n  s e c t i o n .  

CaC03-C02 "Open" System. The charge  b a l a n c e  r e l a t i o n  

f o r  t h e  CaCO -CO sys tem i s  3 2 

+ 
which when s o l v e d  i n  terms of  [H ] y i e l d s  a  q u a r t i c  equa t ion  

of t h e  form 

where 
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Equat ion 23 can b e  s i m p l i f i e d  t o  a c u b i c  e q u a t i o n  which i.3 

more commonly p r e s e n t e d  f o r  p r a c t i c a l  a p p l i c a t i o n  a s  

1.11 = (log 2  + pKZA - pKS)/3 + 2 ( p k  + P K . ~ *  - l o g  P ) / 3  

4- ( l o g  Y3 - l o g  ~ 9 1 3  C 29) 

CaCO - N a  60 -CO "Open" System. The a d d i t i o n  o f  Na, CO t o  
3 2 3  2  -- -- 2 3 

t h e  CnCO, -CO s y s  tern r e q u i r e s  a m o d i f i c a t i o n  o f  t h e  charge 
3 2 

ba lance  .i.n e q u a t i o n  ( 2 3 )  t o  t h e  form 

2-4- 4. Replacement of 1 C a  1 ,  [Hco-1, [c02-] and [OH-] i n  terms of [li ] 3 3 
and [kI C'O J l e a d s  t o  a  q u a r t i c  e q u a t i o n  

2 '  3 

i- 4 3 . 3  + 4- ~ ~ [ n  1 + [H I + [Na ] [ H + I ~  - ( R ~  + R ~ ) [ H  1 - K~ = o 

T h i s  r e l a t i o n  d i f f e r s  from t h e  p reced ing  e q u a t i o n  ( 2 4 )  d e s c r i b i n g  
+ . + 2  t h e  CaCO -GO2 sys tem by t h e  t e r m  INa ] [H ] . 

3  
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a c t i v i t y  c o e f f i c i e n t s ,  us ing  t h e  extended Debye-HUckel (D4-12 

theory .  This s t e p  w a s  necessalry because t h e  component corzcentrations 

were not  known a t  t h i s  s t a g e .  The i n i t i a l  a c t i v i t y  c o e f f i c i e n t s  

i n  co~nbinat ion wi th  t h e  equ i l i b r ium cons t an t s  and sodium concen- 

t r a t i o n  and necessa  set  of equat ions  were used t o  colnpute 

t h e  c a t i o n  and an ion  concen t r a t ions .  These va lues  were then  

used t o  e s t ima te  a new i o n i c  s t  t h  and, consequently,  imp 

s ,  This  i t e r a t i o n  procedure was cont inae  

e n t r a  t i o n s  remained unchanged, 

The cans t a n t s  used were KIA = 4,34 x 30 -- 7 KZA = 4 - 6 9  

x K = 1 x IO-'~,  K = 5.0 x and k = .0344 - . 
W S 

he a c t i v i t y  c o e f f i c i e n t s  were c a l c u l a t e d  using Che D-EI r e l a t i o n  

- l og  y = AZ'J;;I(I + a~m 

where z i s  r h e  va lence ,  and A,  a ,  and B a r e  cons t an t s  f o r  the  

s p e c i f i c  i o n  i n  sol_zation and were obta ined  from Kie l land  (15) .  

The p a r t i a l  p re s su re s  of the GO were e s  imated from t h e  
2 

C02 composition of t h e  C 0  -N gas mixture inc luding  co r rec t ions  2 2 
f o r  barometr ic  and water-vzzpor p r e s s u r e s .  

Na2C03 "CJosed" and "Open" Syatwo8. The tiraurc 
--- 

computatLon and ex t h e  pli of I\la2C03 a t  

d i f f e r e n t  concent ra t ion  and e x t e r n a l  CO p a r t i a l  p ressures  2 
are presented i n  P ig ,  1. For t h e  "closed" s y s t e ~ n ,  2 0 ,  

the theory represented  by equat ion  ( 9 ) ,  p r e d i c t s  

rhe measured pE of t h e  Na2C03 s o l u t i o n ,  The experimental. d a t a  

a r e  t hose  of L o r t i e  and Demer (16) who used a hydrogen e l e c t r o d e  

i n s t e a d  oE the  g l a s s  e l e c t r o  e ,  Tlze s i m p l i f i e d  form (dash@ 

A merging inco  e s o l i d  Line) is  represented  by t h e  r e l a t i o n  
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pH = (pKw + pKpA + l o g  C ) / 2  

and a l s o  p r e d i c t s  pH r e l i a b l y  a t  h i g h  c a r b o n a t e  c o n c e n t r a t i o n .  

However, t h i s  r e l a t i o n  g i v e s  r e s u l t s  which d e v i a t e  from e q u a t i o n  

(9) below Na CO, c o n c e n t r a t i o n  of PI. i n  tire s i m p l i f i e d  
2 . 3  - 2 - 

d e r i v a t i o n ,  i t  i s  assumed t h a t  [CO I = C ( 9 ) ,  b u t  s i n c e  t h e  3 
h y d r o l y t i c  form 11~0-  becomes t h e  predominat ing s p e c i e s  a t  t h e  

3  
lower Na 60 c o n c e n t r a t i o n  t h e  e q u a t i o n  i s  no l o n g e r  dependable  

2 3  
i n  t h i s  r a n g e ,  

R e l i a b l e  pH measurements c o u l d  n o t  b e  o b t a i n e d  below l o m 4  M - 
Ha GO f o r  t h i s  c l o s e d  system.  The pH r e a d i n g s  con t inued  t o  
2 3 

d r i f t  t o  lower v a l u e s  w i t h o u t  r e a c h i n g  equilibrium and were 

below i h e  t h e o r e t i c a l  curve  o b t a i n e d  f rorn e q u a t i o n  ( 9 ) .  However, 

dclspi LC Llle Lacic o f  a d e q u a t e  d a t a ,  t h e  good agreemenL between 

theory and experi.meneal r e s u l t s  i n  t h e  succeed ing  examples wou.ld 

l c a d  one t o  Eavor t h e  u s e  o f  t h e  u n s i m p l i f i e d  e q u a t i o n  ( 9 )  ovcr  

cquaLion ( 3 3 )  a t  t h e  lower Na CO c o n c e n t r a t i o n s  f o r  pli p r c d i c -  
2  3 

w i t h  e i t h e r  modeLs a t  t h e  lower Na2C03 c o n c e n t r a t i o n s .  Whe~lzcr 

t h e  pll d i f f e r e n c e s  a r e  s i g n i f i c a n t  remains an  open ques  t i n n  

s i n c e  t h e  K and K2A c o n s t a n t s  used a r e  based o n  t h e  assump t i o p  1 A 
t h a t  ha c a r b o n a t e  i o n - p a i r s  are a b s e n t .  

For t h e  "open" sys tem a t  CO p a r t i a l  p r e s s u r e s  o f  2 
3.5 x and 0 .93  a tmosphere ,  t h e r e  i s  a l s o  good agreement  

w i t h  t h e  t h e o r e t i c a l  ( s o l i d  Line) v a l u e s  based on  e q u a t i o n  

(22) and t h e  e x p e r i m e n t a l  r e s u l t s .  It  is i n t e r e s t i n g  t o  n o t e  
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tile good agreement even a t  t h e  h igh  c a r b o n a t e  c o n c e n t r a t i o n ,  

where t h e  D-11 t h e o r y  would be expec ted  t o  f a i l ,  

The dashed l i n e s  B and C e x t e n d i n g  from t h e  s o l i d  t h e o r e t i c a l  

l i n e s  f o r  t h e  "open" sys tem a t  low c a r b o n a t e  c o n c e n t r a t i o n s  
-4 

and a t  t h e  3.5 x  1 0  and 0 .93 a tmospheres  CO r e p r e s e n t  t h e  
2  

p o r t i o n  of t h e  s i m p l i f i e d  e q u a t i o n  (22) reduced from t h e  c u b i c  t o  

q u a d r a t i c  s tage  f o l l o w i n g  t h e  method of Ponnamperuma (19) , ( h i s  

e q u a t i o n  (8) w i t h  s i m p l i f i c a t i o n ) .  T h i s  q u a d r a t i c  r e l a t i o n  i s  

e s s e n t i a l l y  a d e q u a t e  f o r  p r e d i c t i n g  pH's even a t  t h e  Low Na,CO, 
" 4 c o n c e n t r a t i o n  and a t  t h e  low CO p a r t i a l  p r e s s u r e  o f  3.5 x 1 0  

2 
atm., b u t  is n o t  s o  a t  t h e  h i g h e r  0 .93 CO arm. and lower carbo- 

2 
n a t e  c o n c e n t r a t i o n s .  

'Vlleose t i c a l  v a l u e s  ( a s t e r i s k s )  o b t a i n e d  from Ponnamperuma's 

(.I 9)  f u r  rlter simpLif i c a t i o n  a t  t h e  h i g h e r  c a r b o n a t e  concclnt ra t ions  
- 3  

a r e  a l s o  compared f o r  t h e  two GO p a r t i a l  p r e s s u r e s  a t  0 . 5  x 1.0 
2 

and 0 .5  x moles p e r  l i t e r .  The agreement is  a d e q u a t e  

f o r  most purposes  and t h e  v a r i a t i o n  i s  caused p r i m a r i l y  i n  

t h e  f a c t o r  - 5 1 6  5nd t h e  change of t h e  Lonic s t r e n g t h  i n  add1 c l o n  

t o  t h e  s l i g h t  d - i f fe rence  i n  t h e  v a l u e  f o r  t h e  cons Cant ( p k  -k p1< I A )  " 
NallC? "CLosedt' and "Open" Sys tems . The experimental .  

and ~ l ~ e o r e t i c a l  r e s u l t s  f o r  t h e  pll of  NaHCO a s  a  conscquencc~ 
3 

of  i ts h y d r o l y s i s  a r e  prescntc?d i n  Fig .  2 .  Unlilcc~ Lhe [\In ('0 
2 '  3 

s o l u t i o n s ,  t h e  pH's o f  t h e  "cLosed" 
%02 

5 0)  d e c r e a s e  w i  t l l  

i n c r e a s i n g  b i c a r b o n a t e  c o n c e n t r a t i o n  above 10'~ M. The pli 's  - 
i n  t h e s e  ranges  a r e  a l s o  l e s s  than t h a t  f o r  t l lc NaHCO, s o l u t i o n s  

-4 3 

Ln e q u i l i b r i u m  w i t h  3.5 x LO atm. C02. 

In t h e  "open" s y s  t e m  t h e  pH-NaHCO r e l a t i o n  is s imilar  
3 

t o  t h e  "open" Na CO sys tem,  b u t  d i s p l a c e d  one-half mole u n i t s  
2  3 1 

l e f t  o f  t h e  Na CO sys tem i n  t h e  g r a p h i c a l  r e p r e s e n t a t i o n  s i n c e  
2 3 

i t s  N a  e q u i v a l e n t  is  one-half  t h a t  of Na CO 2 3 '  
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Ponnaruperuma's s i m p l i f i e d  form f o r  pll p r e d i c t i o n  of NattCO, 
J 

a t  - M (pH = 5.80 - l o g  P) and - M (pH = 5.82 - l o g  P ) ,  

y i e l d s  pH of 9.27 and 8.30 at C02 p a r t i a l  p r e s su re  of 3 .5  x  

atm. The exac t  v e r s i o n  g ives  9.14 and 8.25, whereas t h e  experimental  

pH va lues  a r e  9  .O3 and 8.23, r e s p e c t i v e l y .  A t  C02 p a r t i a l  
- 2 

pressure  of 0.93 atm., t h e  experimental  pH's a t  10 and M - 
equal  5.80 and 4.86,  compared t o  t he  exac t  s o l u t i o n  of  5.81 and 

4 ,84 ,  and t h e  s i m p l i f i e d  form of 5.87 and 4.90. Therefore ,  

t h e  reduced v e r s i o n  i s  a  s u i t a b l e  method f o r  p r e d i c t i n g  equ i l i b r ium 

pH's of carbonate  s o l u t i o n  f o r  most p r a c t i c a l  s i t u a t i o n s  . 
CaC03-Na2C03 and CaCO -NaHCO "Open" and "Closed" Sys terns. 

3  3 
The t G r e t i c a 1  and exper imenta l  pH d a t a  f o r  t h e  CaCO - N a  CO-atzd 

3 2 3  
CaCO -NaI-LCO, combinations both i n  t h e  presence and absence 

3 3 
of  e x t e r n a l  CO a r e  g iven  i n  F ig .  3. 130th experimental  and 

2 
t h e o r e t i c a l  s e t s  of pH va lues  compare w e l l  w i th  cach o t h e r .  

E q u i l i b r a t i o n  of CaCO -Na CO t o  CO a t  a  p a r t i a l  p r e s su re  o f  
3  2 3  2 

3.5 x atmosphere decreases  t h e  pH approximately 1 . 6  uoi ts 

a t  t h e  lower Na2C03 concen t r a t i ons  and about 1 pH u n i t  a t  t h e  

hi-glier Na, CO concen t r a t i ons  . A t  
2 3 

= 0.93 atm.,  Lilt pll 

decrcase  from t h c  " c  Losed" N:I, GO. -CnC6 systenl is  i n  the. o r d e r  2 3  3 
o f  I t  pll u n i t s .  

NafICO Cor  his s y s  t c m  and I s  subs  t a n t i n t e d  by the. clxperi inentai 
3 

rneasuretnents . Furthermore, t h e  pH's f o r  t h e  CaCO -NallCO -CO 
3 3 2 

"open" system combination a t  b i ca rbona te  concent ra t ions  g r e a t e r  
- 2 

than 10 - M a r e  h ighe r  than t h e  "closed" system. 

The computed pH of t h e  s a t u r a t e d  CaCO i n  absence of CO 
3  2 

and Na CO o r  NailCO i s  9.96. Ga r r e l s  and C h r i s t  (6) s t a t e  thal: 
2 3 3 

t h i s  va lue  should l i e  between pH 9.9 and 10. A pli va lue  o f  9 .76  

was obtained f o r  a s i m i l a r l y  de f ined  cond i t i on  i n  t h i s  experiment ,  
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~ t  is n o t  known a t  p r e s e n t  whether  some a tmospher ic  CO l e a k e d  
2 

i n t o  t h e  sys tem o r  t h a t  complete  e q u i l i b r i u m  was n o t  a t t a i n e d .  
-4 

When r a i n w a t e r  i n  e q u i l i b r i u m  w i t h  CO a t  3 . 5  x  1 0  atmosphere 
2  

is mixed w i t h  CaCO w i t h  consequent  i s o l a t i o n  from e x t e r n a l  CO 3 2 
s o u r c e ,  t h e  r e s u l t a n t  p r e d i c t e d  pH is 9.79.  Turner  (20) u s ing  

s l i g h t l y  d i f f e r e n t  v a l u e s  f o r K I A ,  K2&, K S ,  and P r e p o r t e d  

a  pH of 9.93.  
Co 2  

The pH's computed f o r  t h e  CaCO -GO sys tem w i t h o u t  any 
3  2  - 4 Na-carbonates a r e  8 . 3 1  and 6.08 a t  P = 3 . 5  x  1.0 and 

2 
PCO 

= 0 .93 ,  r e s p e c t i v e l y ,  u s i n g  t h e  u n s i m p l i f i e d  q u a r t i c  e q u a t i o n  

(247. With t h e  s i m p l i f i e d  e q u a t i o n  ( 2 9 ) ,  t h e  pH's a t  t h e  

e q u i v a l e n t  60 p a r t i a l  p r e s s u r e s  a r e  8.30 and 6.02.  The comparison 
2  

thus  shows t h a t  a pH d i f f e r e n c e  e x i s t s  f o r  t h e  two e q u a t i o n s ,  

b u t  i s  n o t  of s i g n i f i c a n c e  f o r  most p r a c t i c a l  a p p l i c a t i o n s .  

Using the computed p H ,  t o t a l  d i s s o l v e d  Ca and i o n i c  s t r e n g t t ~  

computat ion f o r  t h e  CaCO -Na CO -CO sys tem,  a f u r t h e r  breakdown 
3  2 3  2  

of t l ~ c  Ca forms were made. I n  t h i s  c a s e  t h e  d i s s o c i a t i o n  c o n s t a n t s  
3- I- 

f o r  CailCO C ~ C O ~ ,  and CaOH of .0564,  3 . 2 9 ~  loe5 ,  and 0 .040 ,  3 ' 
r e s p e c t i v e l y ,  were used.  The computa t iona l  r e s u l t s  a r e  p r e s e n t e d  

i n  l'ahlc..; 1 and 2 .  7 ' 1 1 ~  i n c r e a s e  i n  Nn CO n o t  on ly  cifilscs n pll 
2 3 

i n c r e a s e  and Ca d e c r e a s e ,  b u t  a d r a s t i c  r e d u c t i o n  i n  t h e  [CaZ-'1 
0 

i n  s o L u t l o n  and a  l a r g e  I n c r e a s e  i n  [CaCO. ] Eonn. Even wi~l lot~t  
24- 3 

N;r, W, prcsc r i t ,  t h e  [Ca ] spcx l cs  is u p p r o x i ~ a a t c ~ l  y HO p c b r . c . c ~ r l l  
2 3 

4- 
of tlic total  s o l u t i o n  ca lc ium.  The [CaOH 1 Fonn i n  s o l u t i o n  is 

much l e s s  r e l a t i v e  t o  t h e  Ca b i c a r b o n a t e  and c a r b o n a t e  f orrns . 
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PART XI, SODIUM BICARBONATE AND ChRBONATE LON-PAIRS 

INTRODUCTION : 

An a c c u r a t e  knowledge of t h e  d i s s o c i a t i o n  cons t a n t s  of 

c a r b o n i c  a c i d  is n e c e s s a r y  f o r  computing t h e  c o n s t i t u e n t  c a r b o n a t e  

c o n c e n t r a t i o n  i n  t h e  CO -HCQ -CO sys tems of  s o i l  and w a t e r ,  
2 3 3  

The c l a s s i c a l  r e p o r t s  o f  Harned and co-workers (11 ,  1 2 ,  13)  

have  been c i t e d  f r e q u e n t l y  f o r  t h e  f i r s t  (KIA) and second (gZA) 
d i s s o c i a t i o n  c o n s r a n t s  of c a r b o n i c  a c i d .  Thermodynamically 

d e f i n e d  slA and l&A were o b t a i n e d  by a method of e x t r a p o l a t i o n  

t o  z e r o  i o n i c  s t r e n g t h .  Th is  p rocedure  appears  r e a s o n a b l e  s i n c e  

t h e  c a l c u l a t e d  a p p a r e n t  K ' s  were e s s e n t i a l l y  a  l i n e a r  f u n c t i o n  

o f  t h e  i o n i c  s t r e n g t h ,  b u t  i f  a l l  t h e  f a c t o r s  compris ing t h e  

t h e o r e t i c d .  r e l a t i o n  f o r  o b t a i n i n g  I< and KZA cou ld  be accounted --LA 
f o r ,  computed i o n i z a t i o n  c o n s t a n t s  cou ld  b e  made independent  

of i o n i c  s t r e n g t h .  The i o n i c  s t r e n g t h  i n  t h e i r  exper iments  

was v a r i e d  d i r e c t l y  by changing t h e  c o n c e n t r a t i o n  o f  NaC1, 

NaBC03, o r  Na2C03, and i n d i r e c t l y  b u t  t o  a minor e x t e n t  on ly  

by changing t h e  p a r t i a l  p r e s s u r e  o f  CO 
2  ' 

L n  a d d i t i o n  t o  t h e  i o n i c  s t r e n g t h  dependence of glA2 a d i sLi r i c t  

e f f e c t  of NaRCO c o n c e n t r a t i o n  upon t h e  computed d i s s o c i a t i o n  
3 

c o n s t a n t s  was shown by t h e  r e s u l t s  of Harned and Sonner (1 L) . 

cons l n n t  i n c r e a s e d  w i t h  i n c r e a s i n g  NnlriCO c o n c e n t r a t  i o n .  Wc 11;ivc 
3 

observed  t h a t  t h e  pH of t h e  1.1, CO - N a C l  sys tem,  a s  measured w i  clx 
2 3 

~ h c  g l a s s - s a t u r a t e d  K C 1  ca lomel  e l e c t r o d e  sys tem,  d e c r e a s e d  

s y s t e m a t i c a l l y  a s  t h e  i o n i c  s t r e n g t h  was i n c r e a s e d  by t h e  I n c r e a s e  

i n  N a C L  c o n c e n t r a t i o n .  The change was c l o s e  t o  t h e  o r d e r  o f  

magnitude o f  t h e  j u n c t i o n  p o t e n t i a l ,  b u t  a  p o s s i b i l i t y  e x i s t e d  
"I- 

t h a t  t h e  Na was i n t e r a c t i n g  w i t h  t h e  KO- t o  form u n d i s s o c i a t e d  
C 

3 
N ~ H C O ~  w i t h  t h e  a t t e n d a n t  i n c r e a s e  i n  R c o n c e n t r a t i o n ,  I . e . ,  3 
d e c r e a s i n g  pH. The systems of  Barned and co-workers d i d  n o t  
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i n v o l v e  any l i q u i d  j u n c t i o n ,  b u t  t h e  d i r e c t i o n  i n  t h e  change 

of t h e  d i s s o c i a t i o n  c o n s t a n t  w i t h  HC0,-Na change f u r t h e r  
J 

4- i n d i c a t e d  ev idence  of i n t e r a c t i o n  between Na and KO;, and 
4- 2- 

Na and CO? . - 
0 

The e x i s t e n c e  o f  t h e  forms NaHCO and N ~ C O -  has  been 
3 3 

sugges  t ed  , and v a l u e s  f o r  t h e i r  d i s s o c i a t i o n  c o n s t a n t s  K o  
-1qdLCQ 

and I(. - a r e  a v a i l a b l e  (5 ,  7 ,  8 ) .  If t h e s e  forms a r e  p r e s e n t ,  
-NaCO 

t h e  v a r i a d i l i t y  i n  t h e  computed a p p a r e n t  c a r b o n i c  a c i d  d i s s o -  

c i a t i o n  c o n s t a n t s  c o u l d  p o s s i b l y  b e  r e l a t e d  t o  changes .in t h e  

amounts of W ~ E I C O ~  and N ~ C O -  i n  s o l u t i o n  a s  t h e  N a ,  HCO and 3 3 3 
CO c o n c e n t r a t i o n s  a r e  changed e x p e r i m e n t a l l y ,  and n o t  t o  t h e  

3 
i o n i c  s t r e n g t h  f a c t o r  p e r  s e .  The purpose  o f  t h i s  s e c t i o n  i s  

0 
t o  exp.Lore the p o s s i b i l i t y  f o r  t h e  p resence  o f  NalICO and 

3 
N~ICC)"  i n  Nn-carbonate s o l u t i o n s  and ro r e e v a l u a t e  ttic carbonic.  

7 
a c i d  d is..ioc.iatlon cons t a n t s  bac;ed on  t h e s e  spee i  e s .  

THEORY : 

'I'l~c f i r s t  and second d i s s o c i a t i o n  c o n s t a n t s  o f  carbor l ic  

a c l d  a r e  d e f i n e d  a s  

where t h e  ( ) r e p r e s e n t s  a c t i v i t i e s  and ] c o n c e n t r a t i o n .  
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F i r s t  D i s s o c i a t i o n  Cons tan t .  I<. is  de te rmined  by t i le  
-LA 

e i e c t r o m e t r i c  measurement o f  c e l l  P t  ;H ,CO IMaWCO ,NaCJ, C02 I 
2  2  3 

AgC1;Ag and a  knowledge of t h e  v a r i o u s  c o n s t i t u e n t s  making 

up t h e  f o l l o w i n g  r e l a t i o n :  

+ l o g  Y ~ Y  c1 
'H'HCO~ 

where - E = enif of t h e  c e l l ,  Iic 

s t a n d a r d  p o t e n t i a l  oE r e f e r e n c e  

0 
( - R T / ~ F )  I n  , & = - - 

2 
e l e c t r o d e ,  R = gas c o n s t a n t ,  

'L' -- = Kc> lv i n Lcmperature,  F = Faraday,  S = I lenry ' s  J a w  cous t i lnt,  --- -- 

I) - - p a r t i  a 1  p r e s s u r e ,  Y = a c L i v i t y  c o e f f i c i e n t .  A1  t c r n u t e j y  , 
t h e  Y r e l a t i o n  can b e  t r a n s f e r r e d  t o  t h e  l e f t  s i d e  of t h e  

e q u a t i o n  and t h e  a p p a r e n t  d i s s o c i a t i o n  c o n s t a n t  K t  d c f i n c d  
- -1A 

accord ing  Lo liarned and Davis ( 1 2 ) .  

Consequent ly ,  t h e  [HCQ-] t e rm i n  e q u a t i o n  (2)  w l L l  n o t  be 
3  

e q u a l  t o  t h e  s t o i c h i o m e t r i c  b i c a r b o n a t e  c o i ~ c e n t r a t i o n ,  b u t  t o  

a  v a l u e  l e s s  t h a n  t h i s .  Th i s  c o n d i t i o n  would n o t  b e  a p p a r e n t  

by t h e  e x t r a p o l a t i o n  o r  a c t i v i t y  c o e f f i c i e n t  ad jus tment  

t echn iques  which have been  used p r e v i o u s l y .  The d i s s o c i a t i o n  

c o n s t a n t  f o r  N ~ H C O O  is  d e f i n e d  as 3 
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The c h a r g e  b a l a n c e  r e l a t i o n  f o r  t h e  c o n s t i t u e n t s  i n  t h e  c e l l  
0 

sys tem remains t h e  same w i t h  o r  w i t h o u t  NaHCO and i s  
3  

The OH- and ~0:- f o r n ~ s  a r e  n e g l e c t e d  s i n c e  t h e  pH of  t h e  

sys tem can be  a d j u s t e d  t o  l e v e l s  where t h e s e  a r e  i n s i g n i f i c a n t .  

By s u b s t i t u t i n g  t h e  d e f i n i t i o n  f o r  N ~ H C O '  from e q u a t i o n  
3 

(5) i n t o  e q u a t i o n s  (3 )  and (4)  w e  have 

[Na 1 3 
t o t a l  N a 

3 0 
and [BW;], [No ] and [ N a B C O  ] may be  computed froiu ihc 3 
s imul taneous  s o l u t i o n  of e q u a t i o n s  ( 6 ) ,  ( 7 ) ,  (8) i f  t h e  Y ' s  and 

% m o  o a r e  known, The acLLvity c o e f f i c i e n t  i s  d e r i v e d  from one 

f  orin o? t h e  extended Debye-lliickel theory 

where i i s  t h e  s p e c i f i e d  i o n ,  P t h e  i o n i c  s t r e n g t h ,  z t h e  
i 

v a l e n c e ,  and - A ,  - B ,  and a .  a r e  c o n s t a n t s .  
-1 

1- K o is  o b t a i n e d  i n d i r e c t l y  from measured ( H  ) v a l u e s  o f  
-NallCO, 

NaHCO - ~ \ l a ~ l ~ s o l u t i o n s  of d i f f e r e n t  c o n c e n t r a t i o n s .  The p rocedure  3 
i s  t o  make v a r i o u s  s y s  t e m a t i c  s e l e c t i o n s  o f  K 

- H ~ H C O ~  
from 

3 which t h e  a c t u a l  [HCO-3 can b e  computed, and consequen t ly  K 3 --I A 
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can he  o b t a i n e d  from e q u a t i o n  ( 2 ) .  When t h e  p r o p e r  v a l u e  

O f  % ~ U C O  
o i s  chosen,  t h e  coniputed K v a l u e s  s h o u l d  
3  

--LA 
b e  t h e  same a t  t h e  d i f f e r e n t  i o n i c  s t r e n g t h s  i n  which 

t h e  c o n c e n t r a t i o n s  o f  N a C l  and NaHCO a r e  d i f f e r e n t .  The 3 
i o n i c  s t r e n g t h ,  p = ([H'] + [HCO;] + [Na'] + [CI-])/2, 
is a l s o  s y s t e m a t i c a l l y  a d j u s t e d  i n  t h e  computa t iona l  p r o c e s s  t o  

0 I- 
account  f o r  t h e  NaHCO c o n c e n t r a t i o n  which a f f e c t s  t h e  Na and 

3  
HCO- c o n c e n t r a t i o n s .  

3  
0 

The NaHCO c o n c e n t r a t i o n  i n  a  d i f f e r e n t  and s i m p l e r  sys tem 3 
a t  lower HCO- c o n c e n t r a t i o n ,  such  as H CQ - N a C l  s o l u t i o n s ,  can 

3 2  3 
a l s o  be  computed from t h e i r  s o l u t i o n  pH's. The a d d i t i o n  of 

e q u a t i o n  ( 3 )  and (6) y i e l d s  

and s i n c e  [Na] = [CL-]  , e q u a t i o n  (10) becomes 
T  

Thus,  w i ~ h  a knowledge of pll, I< p a r t i a l  p r e s s u r e  o f  I:0 -1A ' 2 ' 

J 

0 
[NaiiCO. J and i t s  d i s s o c i a t i o n  c o n s t a n t  . 

3 
Second - I) .Lssoclatlon Cons t a n t .  I< i s  de t e rmin td  -2A 

f r o m  an e l e c t r o c h e m i c a l  c e l l  s y s  t e m  P t ; l l  1 N ~ H C O  ,NaC.L,Na CO I 
2  3 2 3 .  

AgC1;Ag i n  c o n j u n c t i o n  w i t h  t h e  r e l a t i o n  

[ilco; ] [ c1- ] Y1-l~03Y cl 
- 

- log  - 
2.303RlIl 

I- l o g  I- l o g  --- 
- p o  
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0 
I f  NaHCO and N ~ C O -  a r e  p r e s e n t  i n  s o l u t i o n ,  t h e  r a t i o  

2- 
3 

{IICO;]/ [ C O ~  '] i n  e q u a t i o n  (12) may n o t  be  e q u a l  t o  t h e  s t o i c h i o -  

m e t r i c  r a t i o  e x c e p t  by c o i n c i d e n c e  and i n s t e a d  r e l a t e d  t o  one 
4- 

governed by t h e  d e g r e e  o f  a s s o c i a t i o n  o f  Na w i t h  HCO- and 
2- 

3 
C03 . Thermodynamic K h a s  been o b t a i n e d  through e x t r a p o l a t i o n  --2A 
t o  ze ro  i o n i c  s t r e n g t h  t o  c i rcumvent  t h e  i n a b i l i t y  of knowing 

t h e  amount of Na-carbonate a s s o c i a t i o n .  

The m a s s  and e l e c t r o n e u t r a l i t y  r e l a t i o n s  when t h e  ion-  

p a i r s  a r e  t a k e n  i n t o  a c c o u n t  are 

f 
lNa I t o t a l  = [Na ] 4- [N~HCO;] + [N~co;] 

[Carbonate]  
t o t a l  

= [ K O - ]  + [GO:-] f [N~HCO;]  + [ N ~ c O ~  J 
3 

and t h e  d i s s o c i a t i o n  c o n s t a n t  f o r  N ~ C O -  i s  
3  

Wlth tile I< o v a l u e  o b t a i  ncd Eronl t h e  tfcLcniii iia t i  011 o f  t . 1 ~ ~ ~  
- -N;dICO,, 

changing p r e s e l e c t e d  v a l u e s  f o r  K 
--N~co, ' The i o n i c  s t r e n g t h  

f a c t o r  is a l s o  c o r r e c t e d  i t e r a t i v e l y  t o  account  f o r  t h r .  
2- 

n o n i o n i c  Na13CO0 t h e  N ~ C O ; ,  and t h e  h y d r o l y s i s  o f  CO t o  Form 3'  3 
I-KO; and 013'. Th i s  l a c  t e r  h y d r o l y s i s  p r e s e n t e d  d i f  f i c u l t i e s  

f o r  MacLnnes and Be lcher  (17) and Marned and S c h o l e s  (13) 

i n  t h e i r  e s t i m a t i o n  o f  K and i t  had t o  b e  t r e a t e d  s e p a r a t e l y  -2A * 
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with  a d d i t i o n a l  e x t r a p o l a t i o n s  which s.ometimes were made 

on c u r v i l i n e a r  p o r t i o n s  of t h e  g r a p h i c a l  p l o t s .  

Equation (12) i s  then  so lved  f o r  K u s ing  t h e  va r ious  
2 - -2A 

computed HCO; , C03 and i o n i c  s t reng  th  combinations co r r ec t ed  

f o r  ~allC0O and N~CO; .  I f  t h e  same K 's a r e  ob ta ined  wi th  t h e  
4- 2- -2A 

d i f f e r e n t  Na , BCO;, and COj l e v e l s  and i o n i c  s t r e n g t h s ,  t h e  
0 

suppos i t i on  f o r  t h e  presence of NaHC03 and N ~ C O -  f o r m  i s  
3 

e s s e n t i a l l y  s u b s t a n t i a t e d  and t h i s  K is  e q u i v a l e n t  t o  a 
-2A 

thermodynamic va lue  de r ived  wi thout  e x t r a p o l a t i o n  t o  zero 

i o n i c  s t r e n g t h  . 
Experimental.  The e x c e l l e n t  experimental  e l e c t r o m e t r i c  

d a t a  of Warned and co-workers (11, 1 2 ,  13) f o r  t h e  NaIECO - 
3 

I4ilC 1 -(:O;, a n d  NaHCO, -1ilctCS-Na CO, mixtures  w i  t l r  t h e  1 1 .  - A g ;  A& I 3 
0 

2 3 2 
electrode system (E --- = ,22234 V )  wi thout  l i q u i d  junct. ion  

0 
were used t o  t e s t  f o r  t h e  presence of NaliCO and N ~ C O ; .  pH's 

3  
were computed from t h e  cel l  desc r ibed  by Bates (1) which 

i s  a p p l i c a b l e  t o  t h i s  se t  of exper imenta l  d a t a .  Henry's 

law c o n s t a n t ,  2, f o r  CO so l . ub i l i t y  i n  NaCl s o l u t i o n s  
2 

was recomputated from Warned and Davis (12) a s  S = .O344 - 
2 - .00805 1 1  + .000192 11 . 

p H ' s  of t h e  tl ('0 - N a C l  were determined w i t h  ~ l l c ~  &;lm;s- 2 '  3 
0 

s i t turoLed 1CC.L calomel e l e c t r o d e  system a t  25 + - . I  C .  'L'l~c c l t ~ c l ~ - o d ~ ~  

Premoistened, research-grade (99.999%) CO, was passed tlirougli N a C L  
2 

s o l u t i o n s  which were prepared from reagent-grade N a C L  and 

r e d i . s t i l l e d  wa te r .  CO p a r t i a l  p r e s su re  was ob ta ined  from tile 
2  

baromet r ic  p re s su re  and co r r ec t ed  f o r  vapor p r e s s u r e  of  wa te r ,  

A d i g i t a l  computer was used t o  s o l v e  t h e  equa t ions  by a  

method of succes s ive  approximation. The e f f e c t  of N ~ H C O O  and 3 
N ~ C O -  on t h e  i o n i c  s t r e n g t h ,  s i n c e  i t s  formation r e s u l t s  i n  a 

3 
change i n  i o n i c  s p e c i e s ,  was taken i n t o  account .  The a c t i v i t y  
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c o e f f i c i e n t  f o r  t he  und i s soc i a t ed  spec i e s  CO and N ~ H C O '  was 2 3 
assumed t o  be  u n i t y  and t h a t  f o r  N ~ C O -  equa l  t o  HCO- The 3 ' 3 ' 
cons t an t s  f o r  t h e  Debye-Hilckel r e l a t i o n  were obta ined  from t h e  

t a b u l a t i o n  of Kle l land  (15) .  

RESULTS ANll DISCUSSION : 

The recomputed f i r s  t d i s s o c i a t i o n  cons t an t s  of carbonic 

a c i d  a t  2 5 ' ~  f o r  t h e  NaHCO -NaCl-C02 sysCem wi th  a s s o c i a t e d  3 
r e s u l t s  a r e  presented  i n  Tables 3 and 4. The d i s s o c i a t i o n  

0 
cons t an t s  of NaHCO based on t h e  g l a s s  e l ec t rode - sa tu ra t ed  K C 1 ,  3 
calomel e l e c t r o d e  measurements of t h e  NaCl-CO system a r e  l i s t e d  2 
i n  Table 5. D i s soc i a t ion  cons t an t s  f o r  HCO- co r r ec t ed  f o r  

3 
N ~ H C O P  and N ~ C O :  s p e c i e s  a r e  given i n  Table 6.  

3 3 
The example of computational r e s u l t s  f o r  1C and I 

-LA -i-Natic~~ 
shown i n  Table 3 i s  f o r  only t h r e e  of t h e  e i g h t  s e r i e s  of da?a 

s e t s  given by Harned and Davis (12) .  One, t h e i r  s e r i e s  4 ,  

was out  of l i n e  wi th  the  o t h e r  seven s e t s  and was not  

used t o  e s t ima te  t h e  - K ' s  which a r e  K o = .690 + .096 and -NaHCO - 
3 K = (4.407 + .036) x By in t roducing  t h e  form N ~ H C O O  

-lA - 3 
and us ing  t h e  " t rue"  [GI-] / [NCO-I r a t i o  i n  equat ion  ( 2 )  i n s t e a d  3 
of the s t o i c h i o m e t r i c  r a t i o ,  i t  was poss ib l e  t o  make KIA 

indc>pendent of i o n i c  and NallCO concent ra t ion .  Tlke N ~ ~ I I C O "  3 '3 

J 

lowest NirCl-NaklCO s o l u t i o n  concentrrittion of 2.182 x LU-:', 
3 

bu t  reaches a  magnitude of 15% a t  t h e  h ighes t  concen t r a t ion  of 

1 .O39l x The glA value  of 4 . 4 1  x compares favorably 

wi th  t h a t  of 4.45 x obta ined  by Harned and Davis through 

an e x t r a p o l a t i o n  process .  The assumptions and computational 

techniques presented  i n  t h i s  s e c t i o n  avoid e x t r a p o l a t i o n  o r  t h e  

need t o  a d j u s t  t he  parameters i n  t h e  Debye-Huckel type  r e l a t i o n  

f o r  e s t ima t ing  t h e  i o n  a c t i v i t i e s  i n  o r d e r  t o  achieve l i n e a r i t y  

betweenK and p. 
-1A 
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This  approach a p p e a r s  t o  work a t  t h e  h i g h e r  i o n i c  s t r e n g t h s  

a s  i l l u s t r a t e d  i n  T a b l e  4 .  I n  a  s o l u t i o n  o f  c o n s t a n t  0 . 1  - M NaCl 
-3 

and NaHCO c o n c e n t r a t i o n  v a r y i n g  from 5 x  LO t o  3 x M ,  3 - 

e s s e n t i a l l y  similar -log ElA v a l u e s  a r e  computed. Harned and 

~ o n n e r  's r e s u l t s  (11) a r e  HCO; dependent  ( a l s o  t h e i r  F i g u r e  1 )  

and i n v o l v e  a double  e x t r a p o l a t i o n  t echn ique  t o  g e t  K f o r  
-S 

c a r b o n i c  a c i d  i n  NaC1, The K+aHCO~ = (. 460 2 ,063) and KIA = 

(4.176 + .078) x f o r  a l l  t h e  ?our  d a t a  sets a r e  smaller t h a n  

t h o s e  computed f o r  t h e  s e r i e s  i n  Tab le  3 ,  and s i n c e  t h e  d a t a  

i n  Table  3 a r e  based  on  lower  c o n c e n t r a t i o n s  more r e l i a n c e  i s  

b e i n g  p l a c e d  on t h e  r e s u l t s  from them. 

The p o s s i b i l i t y  of ~ a '  and HCO- i n t e r a c t i o n  a t  even  lower  
3 

IICO< c o n c e n t r a t i o n s  was examined i n  t h e  NaCL-CO, sys tem.  iiy u s e  2 
of: CO, p a r t i a l  p r e s s u r e  of approximately  one a tmosphere ,  HCO; 

2 
-4 

c o n c e n t r a t i o n s  i n  t h e  o r d e r  of 1 0  - M were a t t a i n e d .  The 

r e s u l t a n t  
% ~ ~ I C O  

o  i n  t h i s  c a s e ,  a s  shown i n  Tab le  5 ,  i s  
3 # 3 0 8  C .018.  Thxs i s  about one-half  t h a t  of .690 o b t a i n e d  b y  -- 

recoinputu t l o n  o f  Elnrncd and Davis ' d a t a  (12) . 'I'l~c t l l  s r r cpnncy  

may 1 ) ~  caused by t h e  p resence  of s i g n i f i c a n t  l i q u i d  j u n c t i o n  i l l  

t h e  measurement s y s  ten1 of t h e  glass-calome l electrodes and 

m a J y  t  Lcnl inaccuracf  c s  due to  t h e  low HCO- c~onctnLraLi o w .  W i t 1  Ic.  3 
t . l t e  u~rccalient  of I(. o 1)etwccli tlie two me thocls i s  1 1 o ~  f;lvor:tl) 1 c t ,  ---NallC03 
t h e  f a c t  t h a t  I LN a l ~  co o can b e  e s t a b l i s h e d  a t  t h e  lower  iiW- 

3  
c o n c e n t r a t i o n  s t r o n g j y  s u p p o r t s  t h e  p o s s i b i l i t i e s  f o r  t h e  

0 
p resence  o f  NaHCO i n  b i c a r b o n a t e  s o l u t i o n s .  3 

A S a N C O o  of 1 . 7 8  was r e p o r t e d  by G a r r e l s  and Thompson (7) 

compared t o  .290,  b u t  a  c r i t i c a l  e v a l u a t i o n  t o  e x p l a i n  t h i s  

d i sc repancy  c o u l d  n o t  b e  made because  t h e  e x p e r i m e n t a l  d a t a  and 

measurement t echn ique  were n o t  a v a i l a b l e  i n  t h e i r  p a p e r .  

The d i s s o c i a t i o n  c o n s t a n t  of HCO- when computed o n  b a s i s  3 
of t h e  p r e s e n c e  of N ~ H C O ~  and N ~ C O -  w a s  e s s e n t i a l l y  independen t  

3 3 
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2- 
of HCO- and C03 c o n c e n t r a t i o n s ,  and a l s o  i o n i c  s t r e n g t h  of up t o  

3 
0 .08 (Table  6)  . The s l i g h t l y  d i f f e r e n t  v a l u e  f o r  - l o g  KIA a t  

LI = 0 . l 2 3  appears  t o  b e  due  t o  e x p e r i m e n t a l  e r r o r .  ilarned and 

Scho les  ' (13) r e s u l t s  and t h e i r  r ecomputa t ion  o f  MacLnnes and 

D e l c h e r ' s  d a t a  (17) ( t h e i r  F i g u r e s  1 and 2) show KZA dependence 
2- on  c o n c e n t r a t i o n  even  when t h e  h y d r o l y s i s  of CO , which they 
3 

thought  caused much of t h e  n o n l i n e a r i t y  , was t a k e n  i n t o  a c c o u n t .  

They p l a c e d  g r e a t e r  r e l i a n c e  upon t h e  a p p a r e n t  K 's a t  t h e  
-2A 

h i g h e r  i o n i c  s t r e n g t h  l e v e l s  because  of s m a l l e r  v a r i a t i o n s  when 

e x t r a p o l a t i n g  t o  z e r o  i o n i c  s t r e n g t h  t o  d e r i v e  a thermodynamic 

I< -2A' A &2A 
o f  (4.652 - + .480) x l oq7  was o b t a i n e d  f o r  t h i s  s t u d y  

compared t o  4.69 x 10-11 r e p o r t e d  by Harned and S c h o l e s  (13) and 

4 .79  x 10-'' r e p o r t e d  by NBsPnen(18) .  The e x t r a p o l a t i o n  method 

a p p a r e n ~ l y  g i v e s  v a l u e s  o f  s u f f i c i e n t  accuracy  a t  t h i s  terry>era- 

t u r e .  
2 - The N ~ I I C O ~  and N ~ C O ;  r e l a t i v e  t o  t h e  WCO- C03 , and Nn 

f 

3  3 3  ' 
c o n c e n t r a t i o n s  become p r o p o r t i o n a t e l y  l a r g e r  as t h e  l a t t e r  

c o n c e n t r a t i o n s  are i n c r e a s e d ,  and i n  h i g h l y  concentraLed 

a l k a l i - b r i n e  s o l u t i o n s  they cou ld  p o s s i b l y  become t h e  

dominant s p e c i e s  i n  s o l u t i o n .  

'I'lie dissociation c o n s t a n t  fo r  N ~ C O -  of I< - - .282  compares 3 --NaCO 
3 

w l ti1 oitc of 0 .O.54 g i v e n  b y  Garre1.q , c t q l .  ( 8 )  , wllo ol) t ;I i r l c d  i L 

w i  t i t  a gl i~ss -ca lon ie l  e l e c t r o d e  s y s  tcm at: v e r y  i~iucll 11igl1t.r ( I  L u  '3) 

i o n i c  s t reng t f i s  . B u t l e r  and Hus t u n  (2) , measur ing Nn activ.k ty  

w i t h  t h e  Na-amalgam and Na-se lec t ive  g l a s s  e l e c t r o d e s  a t  l t o  2 

i o n i c  s t r e n g t h s  i n  c a r b o n a t e  s o l u t i o n s ,  r e p o r t e d  a  K 
- N ~ C O -  Of 

3 . 45 .  Both groups  d i d  n o t  t a k e  i n t o  account  t h e  N ~ H C O '  s p e c i e s  
3  

i n  t h e  c a l c u l a t i o n  o f  I 
& ~ C O  

- The d a t a  i n  Table  6 show t h a t  

t h e  c o n c e n t r a t i o n s  o f  N ~ H C ~ '  and N ~ M -  a r e  o f  comparable 3 3  
0 magnitudes i n  t h e s e  Na-carbonate s o l u t i o n s .  By combining NatLCO 
3 

w i t h  t h e  N ~ C O -  c o n c e n t r a t i o n  t o  g i v e  presumably s imilar  
3 
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computational. cond i t i ons  a s  Gar r e l s  e t  a l .  (8) and B u t l e r  and 

I-Ius ton (2 )  , becomes . l 7 l ,  s t i l l  approximately midway i n  
3 val-ue between t h e s e  i n v e s t i g a t i o n s .  Regardless  of t h e  

d i f f e r e n c e s  i n  1 -, t he  d i f f e r e n t  measuring ~ ~ H C O ;  and &aco3 
techniques and carbonate  model used ,  t h e  computations i n d i c a t e  

s t r o n g l y  the p o s s i b i l i t y  f o r  t h e  presence of N ~ H C O O  and N ~ C O ;  
3  

forms i n  Na-carbonate type  s o l u t i o n s .  
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PART 111. POTASSIUM BICARBONATE AND CA@.ONATE LON-PAIRS 

INTRODUCTION: 

The preceding s tudy showed evidence f o r  t h e  presence of t he  
0 

b icarbonate  and carbonate  ion-pa i rs  of Na, i. e .  NaHCO and N~CO; .  3 
The conclus ion  was based on the  observa t ion  t h a t  t h e  b i ca rbona te  

and carbonate  concent ra t ions  o r  i o n i c  s t r e n g t h  dependency of t h e  
- 

apparent  d i s s o c i a t i o n  cons t an t s  of H CO and W M 3 ,  and K i A ,  
2 3 

could be e l imina ted  by in t roduc ing  t h e  Na-bicarbonate and 

-carbonate ion-pa i rs  i n t o  t h e  computation of these  cons t an t s .  

So f a r  t h e r e  is  no p o s i t i v e  proof f o r  t h e  ex i s t ence  of t h e  
0 

spec i e s  KHC03 and KCO;. However, t h e  r e s u l t s  of MacInnes and 

Uelcher (171, who used K- i n s t e a d  of Na-carbonates t o  g e t  

K '  and K t  g ive  s t r o n g  i n d i c a t i o n  For t he  presence of K- 
---LA --2h ' 
carbonate  ion-pa i rs ,  s i n c e  t h e  d a t a  do appear t o  bel iave i 11 a 

s i m i l a r  manner as  t h e  Na-carbonate r e s u l t s .  Thercforc ,  

experimental  r e s u l t s  and computations a r e  presented  liere t o  

show t h e  p o s s i b i l i t y  of t h e  ex i s t ence  of t h e s e  ion -pa i r s ,  
0 The de termina t ion  of t h e  d i s s o c i a t i o n  cons t an t s  of KHCO, and 
J 

1 ~ ~ 0 -  depends upon t h e  e s t ima t ion  of K+ CO 3 and -sCO; which 
2 3 i s  i n  t u r n  based on t h e  e l e c t r o m e t r i c  p o t e n t i a l  measurements o f  

bicarbonate  and b Jcarbonate-carbonate s o l u t i o n s  and t h e  utic o f  t . i i r *  

10'1 l o w  1 ng cquuLlons : 

0 
(E-E )I' - -- - w-I lCO21 - 

-log % CO - 2.303RT 
+ l og  - -1- l o g  

2 3 - MCO; I 

+ l o g  J 
-1- l og  J - log  hc0- = 

" 3 
2.303RT - 1c0;- I Y ~ Y ~ 0 3  
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where E = emf of t h e  c e l l ,  EO = s t a n d a r d  p o t e n t i a l  r e f e r e n c e  -- - 
cel l . ,  - 2;' = f a r a d a y ,  = gas  c o n s t a n t ,  = Kelv in  t e m p e r a t u r e ,  

y = i o n  a c t i v i t y .  

The u s u a l  method i n  b o t h  c a s e s  f o r  o b t a i n i n g  t h e  thermo- 

dynan~ic  K ' s  was t o  u s e  t h e  s t o i c h i o m e t r i c  c o n c e n t r a t i o n s  f o r  - 
2- 

HCO- and CO ahd e x t r a p o l a t e  t o  z e r o  i o n i c  s t r e n g t h .  Subsequent  
3 3 

t r e a t m e n t  i n d i c a t e d  t h a t  t h i s  p rocedure  can  b e  improved when 

a l k a l i  carbor ia te  i o n - p a i r s  a r e  t a k e n  i n t o  account .  i n  which case 

t h e  corlrputed - K ' s  become independen t  of o t h e r  i o n i c  s t r e n g t h s  o r  

c a r b o n a t e  c o n c e n t r a t i o n s .  

PROCEDURE : 

Exper imental ,  The g l a s s  e l e c t r o d e  -AgCl;Ag emf measurements --- 

o f  thc I(liC0, -KCl-CO,  and t h e  H ,  ;Pt-AgC1 ;Ag detcrini  n a t  i o n  o l  ~ h c ~  
3 L L 

KIICO, -I<, CO, -KC1 s o l u t i o n s  of MacLnnes and Be lcher  ( 1  7)  wcbrc used .  
3 2 3  

I n  a s e p a r a t e  exper iment ,  t h e  pH's of KCl-CO s o l u t i o n s  were 
2 

rneasured w i t h  t h e  g l a s s  e l e c t r o d e - s a t u r a t e d  K C 1 ,  ca lomel  e l e c -  
0 

t r o d e  sys tem a t  25 - + .1 C.  The 99.999% p u r e  resea rch-grade  C 0 2  

gas  was prcmois tened and passed through v a r i o u s  c o n c e n t r a t i o n s  

o r  I K L  s o l u t  i o n s .  Tlle g l a s s  e l e c t r o d e  was ca l  i b r a ~ ~ c l  ny,ni nst 

NBS buf  f c r  s t a n d a r d s  . 

mass and charge  b a l a n c e :  

'''I t o t a l  
= [K+I + [ K H C O ~ I  

''-IC03' t o t a l  = ~aco ; ]  + ~ I C H C U ~ ]  
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The b r a c k e t  [ ] r e p r e s e n t s  c o n c e n t r a t i o n  and p a r e n t h e s i s  ( ) 

a c t i v i t y .  Henry 's l a w  c o n s t a n t ,  - S , was o b t a i n e d  from recomputa t ion  

of Harned and Davis' (12) d a t a  f o r  CO s o l u b i l i t y  i n  B a C l  s o l u t i o n  2 
and i s  

Tile a c t i v i t y  c o e f f i c i e n t ,  Y ,  i s  d e f i n e d  by t h e  ~ e b ~ e - ~ u c k e l  

r e l n  t i o n  

The computa t iona l  p rocedure  invo lved  making s y s t e m a t i c  

changes i n  t h e  v a l u e  of o  and s o l v i n g  s imul taneous  1y 
4- biw3 

f o r  [HCO;] , [K 1 ,  (IUICO~] u s i n g  e q u a t i o n s  ( 3 )  through ( l l ) ,  

and e q u a t i o n  (1 )  f o r  lCIA a f t e r  [HCO-] i s  o b t a i n e d .  When 
3 

t h e  p roper  K o  v a l u e  is a t t a i n e d ,  t h e  computed o r  a p p a r e n t  
-*llCO 
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K .  shou ld  be e s s e n t i a l l y  t h e  same a t  t h e  d i f f e r e n t  b i c a r b o n a t e  

and cI11.o~ i d e  c o n c e n t r a t i o n s ,  is e ,  I<' independent- o f  iorii c 
--a_ n 

Y L reaigtlr . T h u s ,  by t h i s  t e c h n i q u e  both  o  and i< 
HC03 -+yo 

v a l u e s   ire ob ta ined c o n c u r r e n t l y ,  

L 3 u ; a  --- tionaZ-Secorad d i s s o c i a t i o n  c o n s t a n t  o f  c a r b o n i c  -- 
acid and d i s s o c i a t i o n  c o n s t a n t  of KCO- Pn a d d i t i o n  t o  t h e  
-- ------ 3 " 
preced ing  equations (23, ( 6 ) ,  (81, and (10) , t h e  f o l l o w i n g  

r e l a t i o n s  a r c  used t o  g e t  

p r e c e d i n g  one f o r  g e t t i n g  K b u t  s i n c e  t h e  va lue  f o r  K 
-1.A ' -+<I  COY 

> 
Ilas bcien established, o n l y  K and K+ - mus L b e  decerrniuted. 

-;?A K O 3  
'ilaiucs o f  

d- 
o - were s y s  t e m a t i c a l l y  chosen and [IICOIJ IlZ I , 

2 - -7 [GO 1 ,  [KCO-] computed from t h e  s in lu l t anrous  3 >  3 3 
s o l u t i o n  o f  e q u a t i o n s  (8), (10) , (1 21, (13), ( 1 4 ) ,  (1.51, ( 16 ) ,  

2- 
and (17); and, with a knowledge of IMCO-J,  and [CO, 1 and trhe o t h e r  3 3 - 
f a c ~ o r - s  , r< - o b t a i n e d  with e q u a t i o n  ( 2 ) -  Thc c o r r e c  k o h o i  ce o f  

-1160 
! - sitou1d hen give K 's which a r e  independen t  o f  11, and  K 
--K::O , -2A 
and $ a r b o n a t e  c o n r c n t r a t i o n s  , 
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RE5 ULTS AND DISCUSSION: 

T h e  computed d i s s o c i a t i o n  cons Cants of I< and t h e  corrcen- 
0 

-1n 
t r a ~ i o n  of K' fCiiC03, and 11~0- a r e  p r e s e n t e d  i n  Tah1.e 7 r e l a i i v e  

3 
L O  ~ h e  K C 1  and KHCO c o n c e n t r a t i o n  and i o n i c  s t renghh .  The  

3 

+A 
' s  f o r  t h i s  s t u d y  and c h a t  from I.Zacl.nnes aid Bekcher (37) 

a r c  coinpared g r a p h i c a l l y  i n  F i g u r e  4 .  I n  t h i s  s t u d y  t h e  

remain e s s e n  n t ,  b e i n g  i n d e p e  e n t  o f  e i t h e r  WCO- 
0 

3 
c o n c e n t r a t i o n  r e n g t h  when t h e  KHCO is  assurned t o  3 
b e  p r e s e n t  i n  Thus t h i s  method avo ids  t h e  need f o r  

e x t r a p o l a t i o n  and removes t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  

any t y p e  of e x t r a p o l a t i o n ,  

Ii. co o  v a l u e  o f  -809  p e r m i t t e  t h e  computatioais 
3 

ecl c o n s t a n t  1Z ' s ,  The I< i n  L i t i s  c a s e  wir:; (4 .437 
- -J ii --a A 

-i . - .OZ?) n 10-' o r  pi( = 6 -355 + .002 aid c a a i p a r ~ ~ d  v i  1-11 ~ i r ; i i  
1.A "- 

-7 
ol" i< = 4.54 x I 0  (pL<LA = 6.343) r e p o r t e d  by Maclnnes 

-LA 
and Belcirer (17) .  A LClA of  4 - 4 1  r w a s  o b t a i n e d  Eor 

Harried and Davis ' ( 1 2 )  d a t a  i n  which t h e  form Cd 

assumed t o  b e  p r e s e n t  compared Lo t h e  e x t r a p o l a t e d  K o f  4-45 
- 7  

-IA 
x 10 Thus r h e  recompute K 's o f  4.44 x arid 4-4.1 x 

- lA - 7 
(v:;. e x t r o p o l a t c d  4 . 5 4  x LO and 4.45 x beronlr  marc 

"k "+ 
coraparablc when t h e  IlCO ion-pa i r  of I( and Na a r e  t a k p n  i n L o  

3 
coils iti4;'r;aLi on i n  t h e s e  Cwo types  of c a r b o n a t e  s o l u e i o n s  .. 

l * l i ~  K a n d  k o v a l u e s  Cor Lhe S; irnplcr IZCI-CO sys;Lcwi 
- L A  ~ < I ~ c o ~  2 

;Ire p i  cs ented L n  Yigure 5. Again,  w h e n  tltc K ~ ~ C O ~  Porn i s t . t lccil 
3 

i n t o  account. the I< 's  a r e  essen t iaLLy independen of t h e  i o n i c  
-1A 

s i re i rg th  . For  t h i s  sys tem K is  (4.52 i - 0 4 )  x l o m 7  and 
-1A - 

%~ica o i s  . 9 6 4 ,  These v a l u e s  a r e  s l i g h t l y  d iEfe renL t h a n  t h a t  

K r?? 4 - 4 4  x l oa7  and K o  o f  -809 o b t a i n e d  wit11 t h e  --LA +KO3 
preced ing  KllCO -1CCb-60, sys tem and i s  probab ly  due t o  

3 2 
uncosrececd j u n c t i o n  p o t e n t i a l  e f f e c t s  o f  t h e  calomel  r e f e r e n c e  

sys l en i ,  L n  a  d i  t l o n ,  t h e  W 0- c o n c e n t r a t e  t l tc KCL-CO 
3 2 
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-4 
co~d~ ina ! - ion  was i n  t h e  o r  e r  of 1 x 10 , whereas: th;lr i n  the  

ICUCO .-KCl-68 was g r e a t e r  by a  f a c t o r  of 100 and t h u s  l e d  
3 2 

L O  G T L ~ ; ~ C C V  experimental  e r r o r .  
- 11. 

'I'lac d i s s o c i a t i o n  cons t an t  of ~3.~0- is (5,001 i- .ILL) x 10 
3 - 

when values 05: -- KicHcUo = -809 and 
c3; 

= L , L 8  were used i n  t b c  
3 

ccirnpuLatiocsn. The cons t i  t u e n t  concent ra t ions  oE potassium n d  

(:arl:on-ites a re  L i s t ed  i n  Table  8 .  The pKZAfs a r e  a l s o  compared 

i n  Figure 4 wi th  t h a t  r epo r t ed  by Haclnnes and BeScher (17)* 

'J 'heir pi-ots show a de2in i . t e  cu rva tu re  which i s  somewhat exag- 

geratc4 Ln t h e  p l o t ,  Zn t h e i r  s tudy  t h e  e x t r a p o l a t i o n  was inade 

on b a s i s  of t h e  pK vs .  u1/2 r e l a t i o n s h i p .  T h e  pi<2A's a s  s e e n  2A 
and Figure 4 a r e  independent of i o n i c  s t r e n g t h  and 

essentially fa l l .  w i  t h i n  t h e  v a l u e  of  10,300 - 4- .009 a 

-i- 
f\:; ~ h c ~  K and ca  b o m t e  concen ralrions a r c  incrcascxl, tile 

KIICO;) form (Table 7 )  and MCOO f KCO- forms (Table 8)  becoisc 
3 3 

i n c r e a s i n g l y  impor tan t  i n  t h e  computation of K and i(2A- Thus 
--.LA 

ilic 111~43-/ i n  equa t ion  (1) and [IICO-]/[co'-] r a t i o  i n  equniioil  
3 3  3  

(2) cannon. be t h e  s t o i c h i o m e t r i c  valises. hclrnitted.ly, a t  4 o w  

anal y  t i. ca l  techniques become t h e  predominant error-producing 

Lhc KHCO -K CO, -KC1 sysllem and Eiarned and  Scho1c.s (13) 
J-la 

%A 
== 4.69 x 1.0 f o r  t he  MaCICO, -Na, CO -NaCl s y s t m ,  With L I I C '  

0 
3 6 3  

account ing  f o r  KliCO and KCO- and N ~ H C O ;  and N ~ C O -  t he  l< 's  
3 -1 3 - 11 3 ' -- 21., 

become K = 5,00 x 10  a n d & % =  4.65 x 10  , r e s p e c t i v e l y ,  
-2A 

and which  thus improves the agreement i n  K 's ob ta ined  wi tla- 
-2A 

tilt t w o  d i f f e r e n t  types 01 carbonate  sys tems ,  

A usual l abo ra to ry  obse rva t ion  i s  t h a t  t h e  pH of t h e  

K3CC), s o l u t i o n  i s  s l i g h t l y  h ighe r  than a similar concen t r a t i on  - 3 
oP Nn CO and. t is  hae heen a l s o  documented i n  tlzc 1il;eratuare 2 3 
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( 1 6 ) .  The exp.larration gene ra l ly  accepted i s  s i m p l y  that  L i k e  

K-carbonate hydrolyzes t o  a g r e a t e r  e x t e n t  than t h e  Na-carbonate 

and a l s o  t o  d i f f e r e n c e s  i n  t h e  a c t i v i t y  c o e f f i c i e n t s  o f  K and 
o 

N 3  i m s .  An examination of t h e  d i s s o c i a t i o n  cons tan ts  of l<HCO,, , 
0 

3 

~ ~ 0 3 .  NaHCO and N ~ C O -  forms, however, l eads  to  a bet ter  
3"  3 

alternative method t o  exp la in  d i f f e r e n c e s  i n  s o i u t i o n  pH, Since 
4- 2 - -k 

the a s s o c i a t i o n  of K wi th  MCO- and CO i s  Less than Na , t h e  
-I- 

3 3 
13: concen t r a t ion  is  expected t o  be  l e s s  i n  I<- than Na-carbonate 

s o l u t i o n ,  and consequent ly,  t h e  pH of t h e  K s o l u t i o n  w i l l  be  

greater than t h a t  i n  t h e  Na-carbonate s o l u t i o n ,  
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PATU.' Lye S ODIUPl SULFATE M U  HUDl{OGEM SULFATE LON-PAIRS 

T h c  s u l f a t e  and sodium ions  may he p re sen t  i n  s i g n i f i c a n t  

arooun;:.s i i7 c e r t a i n  so i l .  s o l u t i o n s ,  a d  s u r f a c e  and groundwaters,  
-I- + 2 - 

Tn k h i s  ca se  I\la and a l s o  H may a s s o c i a t e  wi th  SO t o  form t h e  4 
i o n - p a i r s  N ~ S O -  and HSO- The d i s s o c i a t i o n  cons t an t  f o r  these 4 4 " 
forms can b e  determined i n  a manner s i m i l a r  t o  t h a t  presented 

i n  Pa r t s  L1 and I I I  f o r  N ~ G O -  and HCO- d i s s o c i a t i o n ,  3 3 
'I'tlEOmTh CAL : 

The t l i s s o c i a t i o n  cons t an t s  of HSO- and N ~ S O -  are determined 
4 4 

aioiul. taneausiy i n  the  c e l l  P t  ;H / N ~ H S O ~  , N ~ c I  , ~ a  SO / A ~ c ~ ; A ~  2 2 4 
and t h e  r e l a t i o n s  
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Equation (1) is so lved  f o r  K --flsO- a t  d i f f e r e n t  Ma and SO 
4 

concen t r a t i ons  a t  va r ious  preselect .e$ values of K - u n t i l  
-NaS 0 ,  

Yrso-- rcn1ai.n~ cons tank f o r  rr s p e c i f i c  4 
aSO- v a l u e .  

4 4 
Experimental.  The e lec t rornekr ic  measurements of Hamer (LO) 

Tor t h e  N a C 1 ,  Nal-%SO4, iJa2S04 s o l u t i o n  us ing  t h e  H and Ag-AgCl 
0 

2 
e l e c t r o d e s  w i t h o u t  l i q u i d  j u n c t i o n  a t  25  C were used. S ince  

clle i u n i  c s e r eng lhs  of t hc  s o l u t i o n s  were h igh ,  t h e  I k i v l ~ s  

1 / 2  C L  a l .  ( 3 )  r e l a t i o n  l o g  Y = - A z ~ ~ J ~ / ~ / ( ~  4-11 ) - .2 I was used 

ins  iead of t he  extended ~ebye-HiSckeL equa t ion  f o r  a c t i v i t y  
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S U E W R Y  AND CONCLUSIONS : 

Complete t h e o r e t i c a l  equat ions  were developed and so lvcd  Lor 

p red ic t ing  the  pH's of carbonate  systems i n  the  presence and ab- 

sence of e x t e r n a l  carbon d ioxide  source .  The s i n g l e  s a l t s  and 

carbonate  combillations of Pu'aHCO, -CaCO,  and Na 60 -CnCO a t  60 3 3 2 3 3 L 
p a r t i a l  p ressures  from .03 t o  1 atmosphere were included i n  t h e  

s t u d y  . The equat ion  developed he re  g ives  theore  t i c a l  pH va Lucs 

comparable t o  t h e  exper imenta l  r e s u l t s ,  whereas t he  s i rnpl i  f i e d  

ve r s i  o m  previously used f a i l  p a r t i c u l a r l y  a t  t h e  1 ow carbonate  

concent ra t ions .  A t  high carbonate  concent ra t ions  a  l a r g e  f rac-  

t i o n  of t h e  t o t a l  Ca e x i s t s  i n  t h e  nonionic  ion-pa i r  form, 

Theoretical.. and computational methods were a l s o  i n i t j a t e d  

I'or dtlLcrrnining t h e  cx i s t cncc  of Na-carbonalc and -~;ulS;rtc. L o t i -  

pai r s  i n  so l  i re ion  and clLssociatLon cons t i ints of c a r l ~ o n i  t .  a(: i tl 

%i, U1 
) and h icarbonate  i on  (K - 'This t rea tment  yicildeti 

L 3 
-ilCO 

3 
sitnultancuusly t h e  d i s s o c i a t i o n  cons tan t  01 the  ion-pai r i l ~ ~ t l  i Ln 

;~ssociatm.l  ac id .  Xn ttlc case  of t111t a c i d ,  tile coins tank w a s  

indc~pc*rdcrrt o f  ioni c s t rcngth o r  carhonn t e  and  s u l  l atcb coiic.chl~- 

L 1.~1 L i O ~ I S  : i t d  l-lkiis civoided t i \ ( *  ncbcd ~ I I L I  t l ~ ~ k  u ~ ~ t v r - L ; ~ i  I )  t y , ~ :+ : ; t ) ( .  i c i  k ( ~ ( 1  

w i  l-ll clxLr;rpol a &  i on Lo ztrrt> i o n i c *  s tr-c?ngII~ f o l  o b l  a i  I I ~  irk: I l tc ,  

Lherr~rodylrai~ri c cl issocio~rlon cons Lnn ts . 
0 

'I ' l lc!  c i i : s s o ~ i ; l ~ i ~ l  C O i W t i k r l L s  i l L  25 (: a r c  as 1'01 1 ow:; : 
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A comparison of t h e  d i s s o c i a r i o n  c o n s t a n t s  of Na- and K- 

c a r b o n a t e s  i n d i c a t e s  g r e a t e r  Ida t h a n  1C a s s o c i a t i o n  w i t h  t h e  

c a r b o n a t e  and g i v e s  a good e x p l a n a t i o n  as t o  why Na-carbonate 

s o l u t i o n s  have lower  pH's t h a n  I<-carbonate s o l u t i o n s .  The 

t r e a t m e n t  developed h e r e  a l s o  improved t h e  agreement of t h e  

and I&O- v a l u e s  o b t a i n e d  from t h e  Nu-carbonate and 

sys3ems . 
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-4 
C a l c i u m  constituents of CaCO -Xa  CO -COP s y s t m :  

3 2 3  k = 3 . 5 ~  10 atn, 

[Na2C03]  pii C a  t ~ t a l  [ca2*] [ c a ~ C 0 ;  1 [ C ~ C O ;  ] [ C ~ O H + ]  F rac t ion  

[ c ~ ~ + I  
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Cazrbonr.,tz c;.asti tusacs 2nd zccL-,;i~: coeffi2,srrt- of CaCQ -';- Act. m,--CO s:;s Cref~i: 
3 2 3  *. 
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Table 3 ,  F i r s t  D l s s o c i a t i a n  Constact  cf Carbonic  Acid at DFfferent Zicarbonate 

(B) - 4 2 7 1  .66438 -850  6 , 3 5 5  6.350 5.484 -850  .423 -044  
-6684  -66460 1.327 6.360 6.353 5 , 6 7 3  1 ,327  .658 . I 0 2  

CT 1 , 0 0 5  -66433 1.988 6,357 6 , 3 4 9  5 .835  1 ,  
t -983  .218 
C 
k- 

2,646 .66427 3.238 6 ,358  6 .348  6 , 0 3 4  3 , 2 3 8  1 .592  - 5 4 0  
2 ,360  .66423 4.616 6 , 3 6 0  6 , 3 4 7  6 . 1  7 4 , Q L 6  2.256 1.04 
3 - 1 3 ?  .66382 6 , 1 0 2  6 ,355  6 .340  6 - 2  3 6 .102  2 ,965  1.72 

(c) ,4271 .63075 -850  6 , 3 5 8  6 .355  5.685 .850 -423  .041 
-6684 .69079 1.327 6 , 3 6 0  6 . 3 5 5  5 .871  1.327 -6.59 .096 

1 , 0 0 5  -69046 1.990 6.356 6.350 6 .032  1 - 9  .985 - 2 0 5  
1.646 -69050 3 .241  6 ,359  6 , 3 5 0  6 , 2 3 2  3 , 2 4 1  1 , 5 9 5  - 5 0 9  
2 , 3 6 0  .69034 4 , 6 2 2  6.358 6 .348  6 .373  4 .622  2 ,262  .978 
3.137 .69025 6 . I11  6 ,359  6 , 3 4 6  6 .484  6 .111  2,974 1 , 6 3  

A: 7 8 , 8 %  a, - 22.25; - -- o = .677 - --i9 k a ~ c o 3  
- - B: S4,4?i CG? - LL.6:: o = .679 - - Z2;ico3 - - -  - C: 54.5SF2 GO, - ->.-:h 2- o = .722 - -L aECO 

( a )  Data in c o i u m s  i 2ni 2 froa aarned and Davis ( 1 2 )  and i n  c a l i ~ ~ n  5 from Davis  ( 4 )  
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Table 4*  F i r s t  Dissoc ia t ion  Constant Carbonic Acid i n  0 . 1  Ir"i N a C l  and vary ing  - 
o a/ Bicarbonate Concentrat iow a t  25 C .- 

(A) .5035 
.7478 

1.000 
1.497 
1.999 
2.994 

m (B) -5035 
I 
c .7478 
tQ 1.000 

1.497 
1.999 
2.994 

(a)  Data i n  columns 1, 2, and 5 from Harned and Bomer  (-11) f o r  2 of 4 s e r i e s ;  
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0 
T a b l e  5. Dissociatim Constant of RaHC03  in TaC1-CO Sys tem ae 2 5 ' ~  

2 
- 7 (EIA = 4 - 4 1  X 10 ) .  

(a) 3ot used in copatiog average .308 + -018. - 
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Table 6 ,  Dissoc ia t ion  Constant of HCO- a t  2 5 O ~  Based on t h e  Presence of N ~ K C O O  and N ~ C O -  
a  / 

3 3 3 
Species  .- 

(a) STaHCO; = .690; R - = . 282 ,  Data i n  coluirins 1 t o  3 from Harned and S c h o l e s  ,(l3). 
-iaC03 
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Table 7 .  D i s soc i a t ion  cons t an t  H CO and c o n s t i t u e n t  concent ra t ions  
o3 i n  KHC03-KC1 system at  25 C ( k C O o  = -809). 

3 

MxlO 
2 x102 

m 1 0 2  MxlO MxlO 4 
- - - - 
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Table  8. D i s s o c i a t i o n  c o n s t a n t  ZCO- and c o n s t i t u e n t  c o n c e n t r a t 5 o n  i n  KHCO -K CO -KC1 sys ten!  
0 

3  3 2 3  
a t  25 C ( h C O 3  = .809,  = 1 . 1 8 ) .  

3 
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Table 9 .  Sodium and s u l i a t e  c o n s t i t u e n t s  o f  the i4aHS04-;\ia SO 4 a C 1  system. 
2 4 
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F i g u r e  1. Comparison of t h e o r e t i c a l  and e x p e r i m e n t a l  pH v a l u e s  f o r  Ma CO s o l u t i o n s  
2 3 

a t  d i f f e r e n t  CO p a r t i a l  p r e s s u r e s  (See  t e x t  f o r  d e s c r i p t i o n  of a s t e r i s k s ) .  
2 
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1 6 ~  16' I 

F i g u r e  2 ,  Comparison of t h e o r e t i c a l  and  e x p e r i n e n t a l  pH v a l u e s  f o r  NaKCO s o l u t i o n s  
3 

a t  d i f f e r e n t  CO p a r t i a l  p r e s s u r e s ,  2 
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F i g u r e  3 .  Comparison of t h e o r e t i c a l  and e x p e r i m e n t a l  pH v a l u e s  f o r  t h e  CaCO -Na?CO 
3 - 3  

and CaCO -NaHCO combinations a t  d i f f e r e n t  C07 p a r t i a l  p r e s s u r e s .  
3 3 - 
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F i g u r e  4. F i r s t  and second d i s s o c i a t i o n  c o n s t a n t s  of c a r b o n i c  a c i d  a s  r e l a t e d  

t o  i o n i c  s t r e n g t h  and K-carbonace i o n - p a i r s  i n  the P=HCO -KCl-CO 
3 2 

and XIC0,-K CO -KC1 sys tems at 2.5'~. 
, 2 3  
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Figure 5 ,  First dissociation constant of carbonic acid in t he  CO system 
2 3 -  

at 25'~. 
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TITLE: MATERIALS AND Mlr;TIIOI)S FOR WA'TER HARVJIS'I'ING Am 
WATER STORAGE I N  THE STATE OF I W A I I  

CRIS WORK UNIT: SWC-018-gG-2 CODE NO. : A r k , - W C L  65-2  

INTRODUCTION: 

A d e s c r i p t i o n  of the  Maui and Hawaii water ha rves t ing  t e s t  

f a c i l i t i e s  i s  given i n  previous Annual Reports. Both s i t e s  were 

inspec ted  i n  June 1969. The Maui s i t e  was r e v i s i t e d  i n  September 

1969 a t  which time a new water measuring system was i n s t a l l e d  on 

a11 p l o t s  inc luding  t h e  Hypalon shee t ing  p l o t ,  The a spha l t  p l o t  

was covered wi th  a s p h a l t - f i b e r g l a s s  and an experimental  d i t c h  

l i n i n g  of a s p h a l t - f i b e r g l a s s  was i n s t a l l e d ,  

PROCEDURE : 

The system f o r  measuring water c o l l e c t e d  by t h e  Maui p l o t s  was 

changed from t h e  c r i t i c a l  depth flumes and water s t a g e  recorders  t o  

a combination of two ro t a ry - tu rb ine ,  recording water meters,  1 inch 

and 2 inch  diameter ,  connected i n  p a r a l l e l ,  The o r i g i n a l  c r i t i c a l  

depth flumes, wi th  an aluminum bulkhead bo l t ed  t o  t he  d ischarge  

end, a c t  a s  a head box f o r  t h e  meters .  Ou t l e t s  a r e  a t  the  bottom 

and 4 inches above t h e  bottom of t h e  V-shaped headbox f o r  t h e  1 and 

2-inch meters  r e s p e c t i v e l y .  Low flows a r e  measured by the smal l  

meter and both meters  opera te  t o  handle h igh  f lows ,  The meters a r e  

connected t o  3 inch  p l a s t i c  d r a i n  l i n e s  which run  t o  a d i t c h  a t  t he  

edge of the  t e s t  a r ea .  By dropping the  ends of t he  d ischarge  l i n e s  

approximately 18 inches down i n t o  the  d i t c h ,  wi th  an elbow on the  

lower end t o  cause t h e  p ipe  t o  run f u l l ,  a t o t a l  d i scharge  head of 

approximately 4 f e e t  was obtained t o  opera te  the  meters .  A l l  meters 

were p r e c a l i b r a t e d  i n  p a i r s  a t  the  Laboratory us ing  a f u l l  s c a l e  

mock-up. Over a flow range of 40 t o  200 l i t e r s  , in- l ,  which i s  t h e  

flow range previous ly  recorded by the  flumes, the  maximum measuremcnr 

e r r o r  of t he  two-meter system was 1 2  percent .  
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A d e r a i l e d  d e s c r i p t i o n  of t h e  r e t r e a t m e n t  o t  the  asphalt .  p l o t  

and t h e  i n s t a l l a t i o n  of t h e  exper imenta l  d i t c h  l i n i n g  wj th  a s p h a l t  

f i b e r g l a s s  i s  g iven  i n  t h e  Annual Report  s e c t i o n  t iL lcd  " l 'ahr icatcd-  

in -P lace ,  Re inforced  R e s e r v o i r  Linings ."  The l i n e d  d i t c h  s e c t i o n  

was 100 f e e t  long and had a  p e r i m e t e r  of 24 f e e t .  The a r e a  i s  

h e a v i l y  i n f e s t e d  w i t h  a sedge commonly c a l i e d  n u t g r a s s .  The d i t c h  

had been s c r a p e d  and, p r i o r  t o  l i n i n g ,  p o l y b o r a c h l o r a t e  was sprcad  

on t h e  s o i l  and s p r i n k l e d  w i t h  wa te r  t o  c a r r y  t h e  s t e r i l a n t  i n t o  

t h e  s o i l  s u r f a c e .  

The r e c o r d i n g  r a i n g a g e  a t  t h e  p l o t s  was r e p l a c e d  w i t h  a 550 mm 

c a p a c i t y  s t o r a g e  r a i n g a g e ,  The wate r  mete r s  and r a i n g a g e s  a r e  r e a d  

a t  monthly i n t e r v a l s  by E a s t  Maui I r r i g a t i o n  Company personne l  and 

t h e  d a t a  forwarded t o  t h e  U. S. Water Conserva t ion  k b o r a t o r y  f o r  

e v a l u a t i o n .  

RESULTS AND DISCUSSION: 

Kukaiau Catchment. The s t o r a g e  r e s e r v o i r  was f u l l  and t h e  

r e s e r v o i r  l i n i n g  m a t e r i a l  was i n  e x c e l l e n t  c o n d i t i o n  when i n s p e c t e d  

i n  June 1969, The catchment  m a t e r i a l  i s  s t i l l  i n t a c t  b u t  more of 

t h e  seams are showing s i g n s  of p o s s i b l e  f a i l u r e .  A few h o l e s ,  about  

2  t o  5 mm i n  d iamete r ,  a r e  deve lop ing  i n  t h e  s h e e t i n g .  For t h e  

p e r i o d  of 1 January  19G9 through 31 December 1969 a  t o t a l  o f  4033 mm 

of r a i n f a l l  was recorded .  During t h e  y e a r  a  t o t a l  of approximately  

LO m i l l i o n  l i t e r s  of wa te r  was c o l l e c t e d  from t h e  combined catchment 

and r e s e r v o i r ,  T h i s  i s  s u f f i c i e n t  wa te r  f o r  200 head of c a t t l e  f o r  

a f u l l  y e a r ,  

Maui Catchments. For a  d e s c r i p t i o n  of t h e  p l o t s ,  s e e  p rcv ious  

Annual Reports .  I n s p e c t i o n  i n  September 1969 r e v e a l e d  t h a t  s e v e r a l  

seams on t h e  Hypalon s h e e t i n g  P l o t  No. 1, were s t a r t i n g  t o  f a i l .  

It was found t h e  s h e e t i n g ' s  t e a r  r e s i s t a n c e  i n  t h e  l o n g i t u d i n a l  

d i r e c t i o n  was q u i t e  low, Longi tud ina l  t e a r  r e s j s t n n c c  was no?. 

checked p r i o r  t o  o r i g i n a l  i n s t a l l a t i o n  and s o  i s  no t  known whcihcr 
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t h c  e x i s L i n g  low t e a r  r e s i s L a n c e  i s  a  rcsu lL  o i  c1clLerior:~iion o r  

3 r e s u l t  of t h e  manufac tu r ing  p rocess .  The s h e e r i n g  showeci no 

o t h e r  s i g n s  of d e t e r i o r a t i o n .  

P l o t  No. 2 covered  w i t h  b u t y l  s h e e t i n g  showed no v i s i b l c  

changes over  t h e  p a s t  y e a r .  R e t e n t i o n  of wa te r  by c r o s s - s l o p e  

w r i n k l e s  i n  t h e  s h e e t i n g  i s  a  d e f i n i t e  u n d e s i r a b l e  f a c t o r ,  

The two-phase a s p h a l t  t r e a t m e n t  on P l o t  No. 3 has  l a s t e d  much 

longer  t h a n  was o r i g i n a l l y  expec ted .  I n  June 1969, g r a s s  encroach- 

ment from t h e  p l o t  edges  was c o n s i d e r e d  t o  be a s e r i o u s  problem and 

t h e r e  were a  few p l a n t s  growing on t h e  i n t e r i o r  of t h e  p l o t ,  P r i o r  

t o  i n s t a l l a t i o n  of a s p h a l t - f i b e r g l a s s  i n  September, t h e  g r a s s  was 

c u t  down t o  t h e  p l o t  s u r f a c e .  With removal of t h e  g r a s s  i t  was 

found t h a t  t h e  p l o t  was i n  good c o n d i t i o n ,  The damaged p o r t i o n s  of 

t h e  pavement cou ld  have been e a s i l y  r e p a i r e d ,  It i s  now apparen t  

t h a t  t h e  p l a n t  growth problem was n o t  s e r i o u s  and cou ld  have been 

c o r r e c t e d  by a  s m a l l  amount of maintenance,  D e t e r i o r a t i o n  of t h e  

pavement s u r f a c e  o c c u r r e d  a t  a  much lower r a t e  t h a n  h a s  been 

exper ienced  on s i m i l a r  t e s t  p l o t s  i n  Ar izona .  

A n a l y s i s  of t h e  runof f  d a t a  c o l l e c t e d  from t h e  c r i t i c a l - d e p t h  

flumes i s  n o t  completed.  A  p a r t i a l .  summary of t h e  runof f  by weeks 

f o r  t h e  p e r i o d  13 February 1968 t o  4  J u l y  1968 i s  p r e s e n t e d  i n  Table  

1. The weeks of 7  March and 17 A p r i l  t o  1 4  May a r e  n o t  inc luded  i n  

t h e  t a b l e ,  During t h e  week of 7 Narch, 318 mm of r a i n f a l l  was r c -  

corded b u t  t h e  measured r u n o f f  from t h e  two t r e a t e d  p l o t s  was 

unques t ionab ly  i n  e r r o r ,  It i s  b e l i e v e d  t h a t  r u n o f f  o c c u r r e d  f o r  

s u f f i c i e n t  t ime t o  comple te ly  exhaus t  t h e  b a t t e r i e s  on t h c  water- 

s t a g e  r e c o r d e r  c l o c k s ,  making them i n o p e r a t i v e  a t  t h e  end of t h e  

week. The t o t a l s  i n  Tab le  1 do n o t  i n c l u d e   he p e r i o d  17 A p r i l  

t o  14 May 1968 when t h e  r a i n g a g e  was inoperative, 

For t h e  5 month p e r i o d  r e p r e s e n t e d  i n  Table  I when n l  L t?quiim1nL 

was opc. rnt jve ,  a t o t a l  of 564 mm of r a i n f a l l  was I-ccorclt~d. 'l'hc 
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r,zinl L ~ l  1 runcztf i n  p c r c c n t  WCM:  buLyl 88, aspha1 t 91 and  gr,lss 13, 

IJoLcr was r e t a i n e d  by g r a s s  on t h e  a s p h a l t  p l o t  and ~ h e r c .  w:35 some 

seepagc l o s s  through p a t c h e s  f o r  d e t e r i o r a t e d  a s p h a l t ,  A s  pre- 

v i  ous l y  mentioned, wa te r  was r e  tai l led i n  cross-sLope wrinlt l c s  on 

the b u t y l  p l o t .  The d a t a  emphasize t h e  d e s i u a b i l i t y  of e l i m i n a t i n g  

any form of r e t e n t i o n  i n  catchments  made from any type of m a t e r i a l ,  

The weekly r a i n f a l l  t o t a l s  a r e  r e l a t i v e i y  h i g h  b u t  weekLy r a i n -  

f a l l  occurs  i n  from 5 t o  50 i n d i v i d u a l  s torms c o n s i s t i n g  pli1naril.y 

of l i g h t  showers ,  Most i n d i v i d u a l  s t o n n s  p r e c i p i t a t e  l e s s  t h a n  

3 mm of r a i n .  As an example, r a i n f a l l  t o t a l i i n g  40.6 nm d u r i n g  Lhe 

week of 6 June  1969 f e l l  i n  30 i n d i v i d u a l  s torms a s  f o l l o w s .  

R a i n f a l l  i n  mm No. of S t o x  

0.0 - 0.5 9 

0 , 5  - 1.0  4  

1 .0  - 2.0 9 

2.0 - 3.0 5  

3.0 - 4,O 3 

A n a l y s i s  of r a i n f a l l  v s .  runof f  i s  d i f f i c u l t  l o r  s m a l l  r a i n s  because  

of measurement accuracy .  The r e c o r d i n g  r a i n g a g e  c h a r t s  can o n l y  be 

r e a d  t o  2 0 - 2  mm, f o r  exampie. D e s p i t e  t h e s e  e r r o r s ,  examinat ion of 

d a t a  c o l l e c t e d  t o  d a t e  i n d i c a t e s  t h a t  both  t h e  a s p h a l t  and b u t y l  

p l o t s  can c o l l e c t  e s s e n t i a l l y  100 p e r c e n t  of t h e  w a t e r  from small 

r a i n  showers when r e t e n t i o n  of wa te r  on t h e  p l o ~  i s  e l i m i n a t e d ,  

Data from t h e  p l o t s  s i n c e  i n s t a l l a t i o n  of t h e  new wate r  measuring 

system i s  l i m i t e d .  P r e l i m i n a r y  a n a l y s i s  shows t h e  system i s  working,  

Th is  sys tem reduced l a b o r  o f  ins t rument  r e a d i n g  a n d  mainLenancc by 

more t h a n  75 p e r c e n t .  The o l d  sys tem r e q u i r e d  week Ly changini: of Four  

recordt l r  c h a r t s ,  p i u s  c l ~ a n g i n g  b a t t e r i e s  and ot i icr  m a i n L e n ~ n ~ ~ ,  i I: 

ordclr t o  o b t a i n  r a i n f  a1 i and runof f  r e c o r d s  f o r  i n d i v i d u L \  l s t  o r w ,  

K e a s o n a b  1 y adcquatc  i n f o r m a t i o n  of t h i s  t ype hLls hccn obr ~ I I L L C ~ ,  'ihi. 
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new system requ i r e s  reading  e i g h t  nictcr d i a l s  : ~ n d  one storclgta rairl- 

gage once a month, and maintenance should be 1 imited t o  c l ean ing  

t r a s h  screens .  Monthly r a i n f a l l  and runoff t o t a l s  w i l l  b c  suf f i c i e n t  

f o r  continued eva lua t ion  of catchment perf ormance. 

Experimental Ditch Lining. The experimental a spha l t  L iberg lass  

d i t c h  l i n i n g  was i n s t a l l e d  t o  eva lua t e  t he  f l e x i b l e  membrane l i n i n g  

i n  an a r e a  where nu tg ra s s  i s  a problem. The s i t e  s e l e c t e d  had a 

heavy growth of nu tg ra s s .  The growing t i p  of the p l a n t  i s  sharp  and 

i s  capable of p e n e t r a t i n g  many m a t e r i a l s .  Within two days a f t e r  

i n s t a l l a t i o n  of t he  l i n i n g ,  t h e  grass  was s t a r t i n g  t o  grow through. 

Three months a f t e r  i n s t a l l a t i o n ,  a l a rge  number of p l a n t s  2 t o  6 

inches t a l l  had grown through t h e  l i n ing .  It i s  hoped t h a t  water 

seeping through ho le s  made by the  g ra s s  i n  t h e  l i n i n g  w i l l  c a r r y  

t h e  s t e r i l a n t  t o  t h e  p l an t  r o o t s  and k i l l  t h e  grass .  The top  

growth of t h e  p l a n t s  can then be burned o f f  and a s e a l c o a t  appl ied  

t o  make an impermeable l i n i n g .  

SUMMARY AND CONCLUSIONS: 

The ICukaiau catchment and s to rage  u n i t  on the  i s l a n d  of Hawaii 

was i n  e x c e l l e n t  cond i t i on  when inspected i n  June 1969. R a i n f a l l  

records  from the  s i t e  dur ing  t h e  year  show approximately 10 m i l l i o n  

l i t e r s  of water  was c o l l e c t e d  from t h e  u n i t ,  This i s  s u f f i c i e n t  

water f o r  200 head of c a t t l e  f o r  a f u l l  yea r ,  

Prel iminary a n a l y s i s  of runoff d a t a  c o l l e c t e d  from the Maui t e s t  

p l o t s  f o r  the  period of 1.3 February 1968 t o  4 J u l y  1968 when a l l  

equipment was ope ra t ive ,  show r a i n f a l l  runof E i n  percent  was : 

b u t y l  88, a s p h a l t  91 and g r a s s  13, from a t o t a l  r a i n f a l l  of 472 mm, 

Water r e t e n t i o n  i n  c ross -s lope  wrinkles  i s  a problem on the  b u t y l  

p l o t .  Examination of runoff  on an ind iv idua l  storm b a s i s  shows 

t h e  t reatments  can be e f f e c t i v e  i n  c o l l e c t i n g  water front l i g h t  

showers , 
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New w a t e r  measur ing systems u s i n g  two t u r b i n e - t y p e  water meters  

connected i n  p a r a l l e l  were i n s t a l l e d  on a l l  f o u r  Maui p l o t s  i n  

September 1969, T h i s  sys tem reduced maintenance rcqu i rcments  and 

g i v e s  q u a n t i t a t i v e  monthly  r a i n f a l l  and runof f  d a t a ,  

An e x p e r i m e n t a l  l i n i n g  of a s p h a l t - f i b e r g l a s s  was i n s t a l l e d  i n  

a n  o p e r a t i o n a l  d i t c h ,  Nutgrass  s t a r t e d  growing through t h e  l i n i n g  

w i t h i n  two days  a f t e r  i n s t a l l a t i o n .  It i s  hoped t h a t  s o i l  s t e r i l a n t  

a p p l i e d  under t h e  l i n i n g  w i l l  e v e n t u a l l y  k i l l  t h e  g r a s s ,  p e r m i t t i n g  

i t  t o  be burned o f f .  A  f i n a l  s e a l c o a t  w i l l  t h e n  b e  a p p l i e d  t o  t h e  

l i n i n g .  

PERSONNEL: L. E. Myers and G. W. F r a s i e r ,  

CURRENT TERMINATION DATE: December 1970, 
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T ~ b l e  1, fZainfaI.1 runoff  by weeks l'rom 15 i 24 mctcr plo t s  a t  

t he  Maui t e s t  s i t e .  

Dace To ta l  Buty l  P l o t  Asphalt  P lo t  Crass P lo t  

r a i n f a l l  runoff runoff runoff 

1968 mm mm X nun X mm X 

13 Feb 

21 Feb 

1 Mar 
1 / 1 7  Mar - 

21 Mar 

29 Mar 

4 Apr 

11 Apr 

14 May 

23 May 

31  May 

6 Sun 

14 Jun 

21 Jun  

27 Jun 

1/ The week of 7  Mar omit ted because of b a t t e r y  f a i l u r e  on-waters tage  - 
r eco rde r s ,  Rainfall  f o r  week was 317,5 mm, 

2/ Does n o t  i nc lude  runoff  f o r  per iod  of 17 hpr  t o  14 May, - 
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TTT'1,K : PIaSICAL f1ND CHEMICAL CL-WIACTERIS TI CS OF f lY [>KO- 

PHOBIC SOILS 

CRIS WORK UNIT: SWC-018-gG-2 CODE NO. : Ar i.z. -WCL 67 -2  

PART I. BONDING OF ORGANIC MOLECULES TO INORGANIC SOLI, AND CLAY 

SURFACES 

INTKODUCTION : 

The surLaces of the crystalline and amorphous inorganic consti- 

tuents of soil are extremely active chemically and are capable of 

adsorbing organic molecules through a variety of bonding sites and 

mechanisms. Bonding between organics and these inorganics may be 

classified as being either physical or chemical, the former denoted 

by low adsorption energies compared to the strong chemical bond. 

The physical bonds range from weak, nonspecific London dispersion, 

to H-bonding, to permanent dipole-exchangeable cation interaction 

types. Chemical bonds are of two types: (1) organic-inorganic 

cation exchange (including acid-base neutralization), and (2) 

cova Lent bonding. 

To permanently alter the physical and chemical properties of 

a soil by coating its surfaces with organic materials, the materials 

must remain adsorbed under the prevailing environmental conditions. 

This stringent, but academic requirement normally precludes the 

weak, physically bonded organic moaomer units from consideration, 

and permits a focus of attention in the search either toward mon- 

omers capable of chemically bonding to the soil surfaces, or else 

toward polymeric organics with strong adhesive characteristics 

derived from multi-bonding sites per polymer unit. 

The overall objective of the present phase of the study is 

to quantitatively characterize the bonding between organic n-onomers 

and inorganic-soil and -clay surfaces. 

OBJECTIVES: 

The specific objectives of the present work phse of Part 7. 

are to (1) establish the presence of chemical bonding betweQn 
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L.L>\ L C ~  ~ I I  g , ~ n i c  ~ W ~ Q L ~ ~ I ~ L ~ S  c i ~ ~ i i  i i ~ ~ ) ~ - g ~ i i ~ . i ~ ~ - c  La y  ' l r1~1 -> ,oi  1 :.,ill t , ~ ,  , 

( 2 )  > i c t  c.1 ini nc. tlit. Lurictiona 1 i:roupt; i nvolvccl:  ( 3 )  Inc*,~ t-c t 1 1 1 ,  ' t c t  i vcL 

:, i l  cls oil t l l r '  i I ~ L ) L - ~ : ~ I I ~ ~ C  ~ I I ~ s c : ,  and (4) cornpdi-c I ~ y t i r ' ~  l i  p t  O , , L . I  1 - i ~ ~  

,,I t l i ~ '  1 1 n t l c ~ 1  t3c l  a n d  L ~ L ~ J  t c c l  i no rga t l i c  si l l - laces i n  lii~pcs of J i i i c !  ttlg 

t I L ~ ~ L I I : L . : I L  5 wl~ich  s i g n i l i c a n t l y  Lower t h e  suricice energy r ) l  t hc* i n -  

t> rgnn ic  p l ~ t s c .  

CQUIPPIENT : 

Adsorp t ion  i s o t h e r m s  can be used t o  d i l f e r e n t i a t c  between 

p h y s i c a l  and chemical  bonding; under s p e c i f i c  c o n d i t i o n s  thcy cdn 

be used t o  l o c a t e  t h e  a c t i v e  a d s o r b i n g  s i t e s ;  and t h e y  a r e  u n i q u e l y  

w e l l  s u i t e d  t o  e v a l u a t e  and compare t h e  h y d r a t i o n  p r o p e r t i e s  o l  

s u r f a c e s  hav ing  r a d i c a l l y  d i f f e r e n t  f r e e  e n e r g i e s .  The f i r s t  

p r o c e d u r a l  s t e p  t h u s  was t o  d e s i g n  and b u i l d  a  s u i t a b l e  a p p a r a t u s  

f o r  runn ing  a d s o r p t i o n  i s o t h e r m s .  

The a d s o r p t i o n  a p p a r a t u s  p r e s e n t l y  i n  u s e  i s  diagramed i n  

F i g u r e  1. I n  essence :  i t  c o n s i s t s  of  t h r e e  i n t e g r a t e d  sys tems:  

a  g a s  f low sys tem,  a n  e l e c t r o - b a l a n c e ,  and a  t e m p e r a t u r e  c o n t r o l l i n g  

sys tem.  

A gas  f low sys tem was s e l e c t e d  f o r  c o n t r o l l i n g  t h e  r e l - a t i v e  

vapor  p r e s s u r e  o f  t h e  a d s o r b a t e  phase  r a t h e r  t h a n  t h e  more con- 

v e n t i o n a l  vacuum system p r i m a r i l y  because  some means was needed 

t o  c o n t i n u a l l y  f l u s h  t h e  contemplated,  r e a c t i v e  gases  away Erorn 

t h e  e l e c t r o n i c s  of t h e  e l e c t r o - b a l a n c e .  

B o t t l e d  n i t r o g e n  gas  which s e r v e s  a s  t h e  c a r r i e r  (N a t  room 
2 

t e m p e r a t u r e  i s  e s s e n t i a l l y  n o n - r e a c t i v e ,  non-adsorbing)  i s  s p l i t  

i n t o  t h r e e  l i n e s :  t h e  N2 i n  l i n e  I i s  s a t u r a t e d  w i t h  t h e  vapor 

o f  t h e  a d s o r b a t e  phase  a s  i t  p a s s e s  through t h e  t h r e e  b u b b l e r s ;  

t h e  Nr) of  l i n e  11 s e r v e s  s t r i c t l y  a s  a  d i l u t e n t ;  l i n e  IIL s e r v e s  - 
t o  keep r e a c t i v e  a d s o r b a t e  g a s e s  and r e a c t i o n  p r o d u c t s  o u t  of t h e  

ba lance  chamber. The g a s e s  from l i n e s  I and 13. a r e  combined, 

then  f 1 owed p a s t  t h e  a d s o r b e n t  sample which i s  suspcnclcd iuim tlic- 

bal;ir~cca. K e l a t i v c  vapor p r e s s u r e  of t h e  gas  f lowing  p ~ s t  t h t l  
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s,iinlbl~> i s  c.c)nt lat,l l c l t l  by i cb):ulLi L i ng LI1c r e  1'1 l i v e  I low t . I  t C ' S  0 1  N 
2 

i n  l i11c.s I . I I ~  IT. wi t l r  Ltlc two n e e d l e  va lvc~s .  

~ n t , ~ s ~ i r i n g  thc p r c s s u r e  d rop  (LY and 19 ) a c r o s s  ~ t ~ c  L W O  g1;l.s:; 
I I I. 

c , r l ~ i l l , ~ i - i ~ ~ s  u s i n g  wa tc r  nianometers r ead  wi th  a  c a t l ~ c t o r t t t ~ t c ~ r ,  t Ilc!~. 

I - e l a t i n g  t h i s  :'\P t o  f low w i t h  a  p r e v i o u s l y  o b t a i n c d  c a l i b r a t i o n  

e q u a t i o n .  Gas f lows f o r  l i n e s  I and 1; can be determined w i t h  

l e s s  than  2% e r r o r  th roughout  t h e  range  o f  1 t o  100 m l  p e r  minute .  

A computer program has  been p r e p a r e d  which g i v e s  t h e  r e l a t i v e  vapor  

p r e s s u r e  of t h e  a d s o r b a t e  phase  u s i n g  i n p u t  d a t a  of L?P I? !iP 1 x 7  t h e  

a tmospher ic  p r e s s u r e ,  and t h e  s a t u r a t i o n  vapor  p r e s s u r e  of  t h e  

a d s o r b a t e  gas  phase  a t  t h e  t en tpe ra tu re  of  t h e  wa te r  b a t h .  

The e q u a t i o n  d e s c r i b i n g  t h e  r e l a t i v e  vapor  p r e s s u r e  of  t h e  

gas  f lowing  p a s t  t h e  a d s o r b e n t  sample i s :  

where P/Po i s  t h e  r e l a t i v e  vapor  p r e s s u r e ,  QI and Q a r e  t h e  f low 
11 

r a t e s  of  t h e  d r y  N g a s  i n  t h e  two l i n e s ,  f(U) r e p r e s e n t s  t h e  
2 

c a l i b r a t i o n  e q u a t i o n s  r e l a t i n g  gas  f low t o  p r e s s u r e  drop a c r o s s  

t h e  two c a p i l l a r i e s ,  and Z i s  a c o r r e c t i o n  term d e s c r i b i n g  t h e  

p i c k  up of vapor  a s  t h e  N p a s s e s  th rough  t h e  b u b b l e r s :  
2 

z = Pa/(Pa - Po) 

where P  i s  t h e  a t m o s p h e r i c  p r e s s u r e  and P  i s  t h e  s a t u r a t i o n  vapor 
a o  

p r e s s u r e  a t  t h e  t e m p e r a t u r e  of  t h e  b a t h .  

The sys tem a s  p r e s e n t l y  des igned  shou ld  be  a b l e  t o  use  most 

a d s o r b a t e s  which a r e  l i q u i d s  a t  a tmospher ic  p r e s s u r e  and a t  o r  

w i t h i n  t h e  t e m p e r a t u r e  range  l i m i t s  of t h e  t empera tu re  b a t h  
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: I 1 y - 0  (:) . , i 1 1 1 i  W ~ I O : , ( ~  s'f l U L ~  i o 1 1  v$ll)c)r / ) I  t8:,stl~ cs:,  ( I J  , I I  C' 

1 )  

p i  i I y i t 1 1  1 I 1 I s of I t o  4 0 0  nliil I[g. ' ~ ' I I L ~  pr-1,11:1 ry 

I ~ i i ~ i t . i L ~ \ \ ~ i  i s  L h d t  t i l t >  ~iIlLII-'ilit)il vcipor pr(lssiirCa 1' 0 1  t h r ~  liqlrjrl 
( I  

l o w  c~i~~~ti;:h i c )  t)bLain r c , l a t i v c ~  vdpor p ~ c s s u ~ - c . s  (P/l '(>) 'low11 L O  

t b v c t n  I > c 4 t ) w  P/1' = 0.05.  
0 

Tllc I ~ , i l a n c e  i s  a Cahn RG E l e c t r o b a l a n c e  witictl hds d s e n s i  i j v i  t.y 
- 7 

c ' l p t b i l i t y  a s  g r e a t  a s  LO gram. Th i s  rough ly  corrcsponcis i o  n 

monolayer of wa te r  c o v e r i n g  an a r e a  o n l y  6 c e n t i m e t e r s  squdred .  

The b a l a n c e  a s  p r e s e n t l y  used can accomodate sarilples a s  l a r g e  a s  

1 gram, and can d e t e c t  weight changes a s  l a r g e  a s  0 . 2  graln. T h i s  

wide range p e r m i t s  c o n s i d e r a b l e  l a r i t u d e  i n  sample s e l e c t i o n .  The 

t empera tu re  b a t h ,  which was des igned  and b u i l t  a t  t h i s  Laboratory  
0 

can c o n t r o l  t e m p e r a t u r e  t o  b e t t e r  than  0.02 C.  

RESULTS: 

The a p p a r a t u s  i s  s t i l l  i n  a  t e s t i n g  phase ;  t h e r e f o r e ,  t h e  

r e s u l t s  r e p o r t e d  h e r e  a r e  s t r i c t l y  p r e l i m i n a r y  i n  n a t u r e .  Adsorp t ion  

i so the rms  and t h e i r  r e s p e c t i v e  BET p l o t s  f o r  wa te r  on two s o i l  

m a t e r i a l s  a p p e a r  i n  F i g u r e s  2  and 3 .  The a d s o r p t i o n  p l o t s  a r e  

t y p i c a l  Type IX i s o t h e r m s  ( 1 ) ,  t h u s  p e r m i t t i n g  them t o  be used f o r  

BET s u r f a c e  a r e a  d e t e r m i n a t i o n  ( 2 ) .  

The BET e q u a t i o n  i s  normal ly  w r i t t e n  i n  t h e  form: 

where X = P/P W i s  t h e  weight  of a d s o r b a t e  adsorbed  a t  a  r e -  
0' 

s p e c t i v e  P/P W r e p r e s e n t s  t h e  weight of  a d s o r b a t e  n e c e s s a r y  t o  
O '  m 

form a  monolayer and C r e l a t e s  t o  t h e  n e t  h e a t  of a d s o r p t i o n  of  

t h e  a d s o r b a t e  on t h e  a d s o r b e n t .  For  Type 11 i s o t h e r m s .  p l o t s  of  

X/W(l - X) v e r s u s  X w i l l  no rmal ly  produce a  s t r a i g h t  l i n e  p o r t i o n  

over  p a r t  of t h e  PIP range  of 0.05 - 0.5,. f r o n ~  which C and \dm 
0 

may be o b t a i n e d  from t h e  s l o p e  and i n t e r c e p t .  
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~ ~ ~ l s i t i c r t l  i s  L ~ s s o c i n t e d  w i t l l  L w o  a d j a c e n t  s u r f a c e s .  , ~ n d  t l l , ~ ~  ~ t l e  
L 

c s i t ~ u ~ ~ l  s u r t c i c e  a r e a  on t h i s  c l a y  i s  50 ni / g ,  t i lc  i n t c r n < i l  s t j r -  

For  t h e  Lloyd s o i l  i n  F i g u r e  3:  C = 8.2 and W = 10.6 mg/g. 
2  m 

T h i s  r e p r e s e n t s  a  s u r f a c e  a r e a  of  52.5 m /g ,  assuming t h a t  t h i s  

s o i l .  has  no 2 : 1  type  expandable  c l a y .  

SUMMAXY: 

An a d s o r p t i o n  i s o t h e r m  a p p a r a t u s  has  been b u i l t  t o  s t u d y  t h e  

bonding of  o r g a n i c  molecu les  t o  s o i l  and c l a y  m a t e r i a l s .  The 

a p p a r a t u s  was des igned  t o  h a n d l e  h i g h l y  r e a c t i v e  a s  w e l l  a s  t h e  

r e l a t i v e l y  i n e r t  a d s o r b a t e s ;  i t  can be used f o r  BET s u r f a c e  a r e a  

d e t e r m i n a t i o n ,  and i t  can  be  used f o r  s t u d y i n g  bonding e n e r g i e s ,  

a s  w e l l  a s  s o i l  s u r f a c e  e n e r g i e s  b e f o r e  and a f t e r  t r e a t m e n t  w i t h  

o r g a n i c  c o a t i n g s .  The sys tem can h a n d l e  most a d s o r b a t e s  which 

a r e  l i q u i d  a t  s t a n d a r d  t e m p e r a t u r e s  and p r e s s u r e s .  The a p p a r a t u s  

c u r r e n t l y  i s  undergoing t e s t i n g .  
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PART 11. Na-Ca-DEMIXING I N  FREE-SWELLING MONTMOKILLONITE 

INTRODUCTION: 

 he i n t r o d u c t i o n  and model t h e o r y  of  f r e e - s w e l l i n g  i n  c l a y -  

wa te r  sys tems c o n t a i n i n g  mixt-ures of  Na and Ca on t h e  exchange 

complex were p r e s e n t e d  i n  t h e  1968 Annual Repor t .  As p o i n t e d  o u t  

i n  t h a t  r e p o r t ,  t h e  p r e l i m i n a r y  d a t a  were n o t  i n  agreement w i t h  

any of  t h e  s e v e r a l  models p r e s e n t e d .  

RESULTS : 

E f f o r t s  i n  1969 were d i r e c t e d  a t  a t t e m p t i n g  t o  e x p l a i n  t h e  

a p p a r e n t  impass,  and have l e d  t o  t h e  f o l l o w i n g  two p o s s i b i l i t i e s :  

(1)  f a u l t y  X-ray d i f f r a c t i o n  d a t a ;  (2)  t h e  o r i g i n a l  models were 

i n c o r r e c t  o r  i n a d e q u a t e .  

Some a d d i t i o n a l  X-ray d a t a  p o i n t s  t a k e n  i n  1969 on t h e  same 

samples  used p r e v i o u s l y ,  b u t  r u n  on a  d i f f e r e n t  d i f f r a c t i o n  u n i t ,  

were n o t  i n  agreement w i t h  t h e  o r i g i n a l  d a t a .  The r a t h e r  l a r g e  

d i s c r e p a n c y  between t h e s e  two d a t a  s o u r c e s  g r a p h i c a l l y  i l l u s t r a t e s  

t h e  n e c e s s i t y  f o r  hav ing  c o r r e c t  d i f f r a c t o m e t e r  and sample a l i g n -  

ment - e s p e c i a l l y  a t  t h e  low a n g l e s  encoun te red  i n  t h i s  t y p e  

s t u d y .  D i f f r a c t i o n  work t h u s  has  been s topped  u n t i l  t h i s  problem 

can  be s a t i s f a c t o r i l y  r e s o l v e d ,  

The o r i g i n a l  s v e l l i n g  models f o r  t h e  mixed c a t i o n  sys tem were  

based on t h e  assumpt ion  of  a  s a l t - f r e e  s o l u t i o n  p h a s e ;  however, 

s m a l l  amounts o f  s a l t  were found t o  have been i n a d v e r t e n t l y  l e f t  

i n  t h e  samples .  Th i s  undoub ted ly  a l t e r e d  t h e  c l a y - s w e l l i n g  

c h a r a c t e r i s t i c s ,  t h u s  p r e v e n t i n g  a n y  mean ingfu l  comparison w i t h  

t h e  s e v e r a l  models a s  o r i g i n a l l y  conceived.  

S a l t  i s  known t o  s u p p r e s s  d o u b l e - l a y e r  t y p e  expans ion  i n  

c lay-wate r  sys tems.  N e v e r t h e l e s s ,  p l o t s  of  d - spac ing  v e r s u s  

i n c r e a s i n g  wa te r  c o n t e n t  seem t o  be  s t r a i g h t  l i n e s ,  even f o r  t h e  

c a s e s  where s m a l l  q u a n t i t i e s  of  s a l t  a r e  p r e s e n t .  The f o l l o w i n g  

proposed mathemat ica l  r e l a t i o n s  may s e r v e  t o  d e s c r i b e  t h i s  type  
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wlicre d i s  t h e  d - s p a c i n g ,  9.4 i s  t h e  t h i c k n e s s  of t h e  i n d i v i d u a l  

p l a t e l e t s ,  W i s  t h e  t o t a l  wa te r  p r e s e n t ,  S .  i s  t h e  i n t e r n a l  s u r -  
t 4 2 

f a c e  a r e a .  u  i s  a  c o n s t a n t  e q u a l  t o  2  X 10 A - m  /g ,  and t h e  term 

(a $ bW ) e q u a l s  W t h e  e x t e r n a l  wa te r  i n  t h e  system. The 
t e  

c o n s t a n t  a  i s  though t  t o  r e l a t e  t o  t h e  i n i t i a l  h y d r a t i o n  o f  t h e  

e x t e r n a l  s u r f a c e s  and i s  though t  t o  remain c o n s t a n t  a s  W i n -  
t 

c r e a s e s ;  t h e  c o n s t a n t  b  has  more i n t e r e s t i n g  p o s s i b i l i t i e s  - i t  

i m p l i e s  t h a t  t h e  amount of  w a t e r  i n  t h e  e x t e r n a l  r e g i o n s  of t h e s e  

c l a y  sys tems i n c r e a s e s  l i n e a r l y  a s  t h e  t o t a l  wa te r  i n  t h e  sys tem 

i n c r e a s e s ,  t h u s ,  b may r e l a t e  t o  t h e  s a l t  d i s t r i b u t i o n  between 

t h e  i n t e r n a l  and e x t e r n a l  s o l u t i o n s .  

Sl.mMARY: 

The f r e e - s w e l l i n g  of a  c l ay-wate r  sys tem c o n t a i n i n g  m i x t u r e s  

of  sodium and ca lc ium on t h e  exchange complex d i d  n o t  f i t  proposed 

model t h e o r y .  Two p o s s i b l e  e x p l a n a t i o n s  a r e :  (1) X-ray equ ip -  

ment was n o t  c r i t i c a l l y  a l i g n e d  t o  meet t h e  e x a c t i n g  requ i rements  

imposed by t h e s e  h i g h l y  expanded m a t e r i a l s ,  i . e . ,  a s  g r e a t  a s  
0 

100 A ;  (2) e x c e s s  s a l t  i n  t h e  sys tem may have suppressed  s w e l l i n g  

t o  such  a n  e x t e n t  t h a t  t h e  o r i g i n a l  model t h e o r y  was inadequa te .  

T h i s  i s  t u r n  has  l e d  t o  t h e  f o l l o w i n g  proposed t h e o r y  t o  e x p l a i n  

f r e e - s w e l l i n g  of  a  2 : l  t y p e  c l a y  i n  acqueous d i l u t e  s a l t  s o l u t i o n s :  

where d i s  d - spac ing  of t h e  expanded p l a t e l e t s ,  W i s  t o t a l  wa te r  
t 

p r e s e n t ,  S, i s  i n t e r n a l  s u r f a c e  a r e a ,  u  i s  a c o n s t a n t  e q u a l  t o  2  x 
4 2 L O  A o m  , and  (a  -I- bW ) r e p r e s e n t s  t h e  wa te r  a s s o c i a t e d  w i t h  t h e  

t 
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~ h t >  i i ~ i t i ~ l l  Ityrlration or  tile e x t e r n a l  s u r l a c e s  and i s  assurnctj t o  

co r~s ia r l t  b u i  ltl-up o f  c x t e r n a  l l y  ~ l s s o c i a t e d  wa Lcr a s  t h e  t o ~ a  I wa1i.r 

i n  t l ~ c  S ~ S L C I T ~  (bJ ) i r l c r e a s e s .  The c o n s t a n t  b shou ld  r e l a t e  L O  
t 

t t ~ e  sctlt d i s t r i b u t i o n  between t h e  i n t e r m 1  and e x t e r n a l  s o l u t i o n  

pllases, e .g .  ~ h c  osmot ic  p o t e n t i a l .  
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G A S  

EEDLE --+< L 
V A L V E S  

F i g u r e  1. Adsorp t ion  i s o t h e r m  a p p a r a t u s  u s i n g  a  gas  f low systerri t o  c o i ~ t r o l  P /P  . and a n  
0' 

e l c c t r o - b a l a n c e  t o  r e c o r d  a d s o r p t i o n .  
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TITLE : THE USE OF FLOATING SOLXD AMD GRANULAR MATERIALS 

TO REDUCE EVAPORATION FROM WATER SURFACES 

CRIS WORK UNIT: SWC-018-gG-2 CODE NO, : Ariz.-WCL 67-3 

INTRODUCTION : 

A study of the  complete hea t  budget of p a r t i a l l y  covered tanks 

provided considerable i n s i g h t  i n t o  the  most important f a c t o r s  t o  

consider when designing f l o a t i n g  covers f o r  evaporation reduction 

(see 1968 Annual Report, WCL 67-3), Further  i n s i g h t  was provided 

from a t h e o r e t i c a l  ana lys i s  of the  energy equation f o r  a p a r t i a l l y  

covered body of water.  This ana lys i s  revealed t h a t  ma te r i a l s  with 

high emittance and high re f l ec tance  w i l l  be the  most e f f i c i e n t  i n  

reducing evaporation i f  o ther  f a c t o r s  such a s  s i z e  and permeabil i ty 

a r e  equal. White m a t e r i a l s  b e s t  s a t i s f i e d  the  requirement t h a t  

emittance and re f l ec tance  be as  high a s  poss ib le  and should there-  

f o r e  be the  most e f f i c i e n t .  The r e l a t i v e  e f f i c i e n c i e s  of o ther  

colors  could be determined by t h e i r  r a d i a t i v e  p roper t i e s ,  However, 

due t o  the  unknown and dependent terms i n  the  energy equation, 

experiments a r e  necessary t o  determine absolute  va lues  of e f f i c i ency  

f o r  a given mate r i a l  and co lo r .  

PROCEDURE : 

The experiment w a s  conducted during May and June on four in-  

su la ted  evaporation tanks. One tank was l e f t  open and used as  a 

reference  throughout the  experiment. Covers of white, green and 

black bu ty l  rubber, supported by means of a p l a s t i c  pipe at tached 

around t h e i r  perimeter,  were placed on the  o the r  th ree  tanks,  Each 

cover was approximately 1.8 meters i n  diameter, and covered about 

80 percent of t h e  water surface  area.  The green and black covers 

were approximately 1.5 mm th ick ,  being made of a foamed butyl .  The 

white cover was common bu ty l  painted white on top, and 0,7 mm th ick .  

RESULTS AND DISCUSSION: 

The r e s u l t s  of the  experiment involving th ree  bu ty l  covers of 

d i f f e r e n t  co lo r s  a r e  presented i n  Table 1, The da ta  presented 
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represent  the  a c t u a l  evaporation from each tank, the  percent  of 

evaporation reduction of the  covered tanks a s  compared t o  the  open 

tank, and the  percent  of surface  a rea  covered i n  each case. These 

r e s u l t s  show the  importance of using white o r  l i g h t  colored 

mate r i a l s  when designing covers t o  provide maximum evaporation 

reduction e f f i c i ency ,  

The white cover, which covered 80 percent of the  su r face  a r e a  

a s  compared t o  82 and 81  percent f o r  the  green and black covers, 

respect ive ly ,  reduced evaporat ion by 75 percent as compared t o  68 

and 62 percent f o r  the  green and black covers, respect ive ly .  Xn 

o the r  words, the  white cover a c t u a l l y  covered s l i g h t l y  l e s s  surface  

a r e a  than the  o ther  two, but was 13 percent more e f f i c i e n t  than the  

black cover and 7 percent  more e f f i c i e n t  than the  green cover, The 

same r e l a t i v e  e f f i c i e n c i e s  of these  th ree  covers could have been 

deduced from handbook values of r e f l ec tance  and emittance; however, 

a c t u a l  e f f i c i e n c i e s  can only be obtained by experiments, 

SUMMARY AND CONCLUSIONS: 

The color  of m a t e r i a l  used t o  reduce evaporation losses  from 

open water surfaces  i s  an important f a c t o r  t o  consider  when design- 

ing covers f o r  maximum ef f i c i ency .  The r e l a t i v e  e f f i c i e n c i e s  of 

var ious  co lo r s  of a given m a t e r i a l  can be obtained from analys is  o f  

t he  energy re la t ionsh ips  of a p a r t i a l l y  covered body of water using 

handbook values of r e f l ec tance  and emittance. Experimental methods 

a r e  required t o  provide absolute  values of evaporation reduction 

e f f i c i e n c y  . 
An experiment, designed t o  compare absolute values of evaporation 

reduction e f f i c i e n c y  f o r  th ree  covers of the  same m a t e r i a l  and s&e 

but  d i f f e r e n t  colors ,  w a s  conducted f o r  a two week period i n  l a t e  

May and e a r l y  June. Approximately 80 percent of the  surface  area  of 

th ree  insula ted  evaporation tanks was covered with covers made of 

white, green and black b u t y l  rubber. A four th  tank (from which 

evaporation exceeded 9 cm during the  study period) was l e f t  open 
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and used as  a reference.  The absolute  values of evaporation reduc- 

t i o n  e f f i c i e n c y  obtained during t h i s  study were 75, 68 and 6 2  

percent f o r  the  white, green and black covers, respect ive ly .  

PERSONNEL: Keith R e  Cooley 

CURRENT TERMINATION DATE: December 1970, 
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Table I. Evaporation reduct ion  e f f i c i e n c y  of b u t y l  rubber covers .  

29 May-9 Jun 7 5 6 8 82 2.40 61  81 

Annual Report of the U.S. Water Conservation Laboratory



I ' L T 1 , E :  IiVAPORATION OF WATER I'ROM SOIL 

CRIS WORK UNXT: SWC-018-gG-2 CODE NO. : Ariz  . - W G L  68-1 

OWECTLVE : 

To d e s c r i b e  t h e  e v a p o r a t i o n  of wa te r  from t h e  s o i l  s u r f a c e  

t h a t  o c c u r s  under n a t u r a l  c o n d i t i o n s  and t o  r e l a t e  e v a p o r a t i o n  t o  

p e r t i n e n t  p h y s i c a l  p r o c e s s e s  i n  t h e  s o i l .  

NEED FOR RESEARCH: 

Evapora t ion  of  w a t e r  from s o i l  g e n e r a l l y  may be regarded  a s  

w a s t e f u l ,  M o d i f i c a t i o n  of  t h e  s o i l  s u r f a c e  f o r  t h e  purpose of  

r e d u c i n g  e v a p o r a t i o n  has  been t r i e d  w i t h  mulches, f r e q u e n t l y  w i t h  

c o n t r a d i c t o r y  and ambiguous r e s u l t s ,  The i n c o n c l u s i v e  r e s u l t s  a r e  

probably  a  r e s u l t  of  i n s u f f i c i e n t  knowledge o f  p h y s i c a l  and 

chemical  p r o c e s s e s  t h a t  occur  i n  t h e  l a y e r s  o f  s o i l  i n  which 

e v a p o r a t i o n  o c c u r s ,  These p r o c e s s e s  i n c l u d e  m o i s t u r e  f low i n  

Liquid and vapor  Form a s  a  r e s u l t  of  m o i s t u r e  and t e m p e r a t u r e  

g r a d i e n t s ,  h e a t  f low by conduc t ion ,  by l a t e n t  h e a t  t r a n s f e r ,  and 

s a l t  accumulat ion a t  the  s u r f a c e .  

Many s t u d i e s ,  b o t h  t h e o r e t i c a l  and e x p e r i m e n t a l  have been 

maw of s u r f a c e  e v a p o r a t i o n .  T h e o r e t i c a l  s t u d i e s  have o f t e n  been 

t o o  s i m p l i f y i n g ,  assuming predominance o f  one form o f  w a t e r  move- 

ment i n  t h e  s o i l .  over  a n o t h e r ,  assuming i s o t h e r m a l  c o n d i t i o n s ,  and 

assuming a  c o n s t a n t  e v a p o r a t i v e  demand. Even so ,  t h e  s o l u t i o n s  

provided a r e  not  s t r a i g h t f o r w a r d  and de fy  ready a p p l i c a t i o n  i n  

p r a c t i c e .  

Exper imenta l  work has  been mainly c a r r i e d  o u t  w i t h  columns of 

s o i l  i n  a r t i l i c i a l ,  c o n t r o l l e d  environments  b e a r i n g  s m a l l  resem- 

b l a n c e  t o  t h e  atmosphere c l o s e  t o  t h e  n a t u r a l  s o i l  s u r f a c e ,  It. i s  

c o n s i d e r e d  n e c e s s a r y  t o  conduct  e x p e r i m e n t a l  s t u d i e s  under n a t u r a l  

c o n d i t i o n s  where e v a p o r a t i v e  demand i s  p e r i o d i c  and where soil 

t empera tu res  i n  t h e  s u r f a c e  l a y e r s  v a r y  p e r i o d i c a l l y  and w i t h  

dep th .  I f  such  o b s e r v a t i o n s  do no t  conform s u f f i c i e n t l y  t o  m a 1  l -  

a b l e  theore t . i ca1  p r e d i c t i o n  i t  w i l l  be nc>cessary t o  1 i n d  d i r t  t 'ri>nt: 
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modcls , An a c c u r a t e  model of  s u r f a c e  e v a p o r a t i o n  would pc.rmi t 

p r e d i c t i o n  of  e v a p o r a t i o n  r a t e s  a s  w e l l  a s  t h e  a s s o c i a t e d  e l i t c t  

on s o i l  t e m p e r a t u r e s .  Fur thermore ,  i t  would i n d i c a t e  w h i  ch 

p h y s i c a l  p r o c e s s  i s  most impor tan t  a s  d r y i n g  proceeds  and which 

changes i n  s o i l  o r  s u r f a c e  p r o p e r t i e s  may be e f f e c t i v e  i n  modi- 

Eying t h e  e v a p o r a t i o n  p r o c e s s  t o  s u i t  a  p a r t i c u l a r  purpose ,  

EXPERIMENTAL : 

P r e l i m i n a r y  work on t h i s  p r o j e c t  has  e n t a i l e d  l a b o r a t o r y  and 

f i e l d  development of  gamma r a y  t r a n s m i s s i o n  equipment f o r  measuring 

w a t e r  c o n t e n t  of  s o i l  i n  s i t u  i n  t h i n  l .ayers ,  

Zabora t o r y  : 

The gamma r a y  t r a n s m i s s i o n  method f o r  measuring w a t e r  conte t i t  

o f  s o i l  i n  s i t u  can g i v e  r e s u l t s  u n a t t a i n a b l e  by o t h e r  methods i n  

terms of accuracy,  r e s o l u t i o n ,  and absence of  t ime l a g  and s i r e  

d i s t u r b a n c e ,  T h i s  nucl.ear method has been used s u c c e s s f u l l y  t o  

measure d e n s i t y  and w a t e r  c o n t e n t  o f  s o i l  under  c o n t r o l l e d  l a b o r a -  

t o r y  c o n d i t i o n s ,  Recent t e s t s  of  t h e  equipment under  f i e l d  condi-  

t i o n s  have been on ly  p a r t i a l l y  s u c c e s s f u l  because  of  e l e c t r o n i c  

d r i f t  problems. The e l e c t r o n i c  d r i f t  probably  was caused by m u l t i -  

p l i e r  pho to tube  g a i n  changes and s c i n t i l l a t i o n  c r y s t a l  l i g h t  o u t p u t  

and r e s o l u t i o n  changes r e s u l t i n g  from t e m p e r a t u r e  f l u c t u a t i o n s ,  

The t empera tu re  dependency o.E t h e s e  components h a s  been r e p o r t e d  

e l sewhere .  Cur ren t  methods t h a t  u t i l i z e  gamma e m t t t e r s  f o r  

s t a b i l i z i n g  n u c l e a r  c o u n t i n g  equipment r e q u i r e  two d e t e c t o r  

a s sembl ies ,  and t h e  equipment, des igned  f o r  l a b o r a t o r y  exper iments ,  

i s  not  r e a d i l y  a d a p t a b l e  t o  f i e l d  use .  

Our o b j e c t i v e  f o r  t h i s  p o r t i o n  of t h e  g e n e r a l  r e s e a r c h  p r o j e c t  

was t o  deve lop  an improved method o f  s t a b i l i z i n g  gamma r a y  t r a n s -  

miss ion  equipment a g a i n s t  t empera tu re  f l u c t u a t i o n s ,  t h e r e b y  p e r -  

m i  t t i n %  u s e  of  t h i s  equipment i n  t h e  changing t empera tu re  

environment of a  f i c l d  s o i l ,  
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Accurate  d e t e r m i n a t i o n  o f  s o i l  d e n s i t y  o r  w a t e r  c o n t e n t  

depends o n l y  upon coun t ing  primary photons t r a n s m i t r e d  S r o m  t h e  

s o u r c e  t o  t h e  d e t e c t o r .  E l e c t r o n i c  d i s c r i m i n a t i o n  a g a i n s t  

s c a t t e r e d  r a d i a t i o n  i s  p r e f e r r e d  f o r  f i e l d  equipment,  a s  

c o l l i m a t i n g  w i t h  l e a d  i s  i m p r a c t i c a l ,  

An example of  t h e  e f f e c t  of  t empera tu re  on t h e  energy 

spec t rum o f  137Cs i s  i l l u s t r a t e d  i n  F i g u r e  1. I d e a l l y ,  t h e  base-  

l i n e  v o l t a g e  and window wid th ,  s e t  a t  a p p r o p r i a t e  v a l u e s  f o r  which 

t h e  sys tem was c a l i b r a t e d ,  shou ld  not  change d u r i n g  t h e  measurement 

p e r i o d ,  F i g u r e  1 shows t h a t  a sys tem c a l i b r a t e d  a t  20 C w i t h  t h e  

b a s e l i n e  v o l t a g e  and window w i d t h  s e t  t o  coun t  on ly  pr imary 

photons  would d e t e c t  e s s e n t i a l l y  none i f  t h e  sys tem were  o p e r a t e d  

a t  30 C .  

Equipment and Procedure ,  General  d e t a i l s  o f  t h e  exper iment  

and e x p e r i m e n t a l  s e t u p  a r e  r e p o r t e d  i n  t h e  1962 Annual Repor t ,  I n  

1969 t h e  f o l l o w i n g  equipment was purchased from t h e  Wamner 

E l e c t r o n i c s  Company: 

S c a l e r  

Rateme t e r  

High v o l t a g e  supp ly  

A m p l i f i e r  

S i n g l e  channe l  a n a l y z e r  

Spectrum s t a b i l i z e r  

Timer 

NS-11 

N- 78OA 

NV-13P 

NA-12 

NC- 11 

NC-20 

NT- 11 

The r e c e n t l y  des igned  spec t rum s t a b i l i z e r  p r o v i a e s  t h e  means o f  

s t a b i l i z i n g  a g a i n s t  t e m p e r a t u r e  changes .  

The d e t e c t o r  assembly,  1 3 7 ~ s  gamma r a y  source ,  g l a s s  p l a t e  

sample t r a y ,  and s o i l  c y l i n d e r  were p laced  i n  a  c o n t r o l l e d  tempera- 

t u r e  room. The d e t e c t o r  assembly was connected t o  t h e  coun t ing  

equipment ( l o c a t e d  o u t s i d e  t h e  c o n t r o l l e d  room, a t  ambient tempcra- 

t u r e  o f  23 - + 2  C )  w i t h  a 45-meter c a b l e ,  Even though l a b o r a t o r y  
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c o u n t i n g  equipment i s  i lecessary ,  t h e  45-meter c a b l e  (and l o r , ~ ; t ~ r ,  

i f  n e c e s s a r y )  shou ld  a l l o w  t h e  d e t e c t o r  and s o u r c e  t o  bc used 

ucmotely i n  an e x p e r i m e n t a l  L i e l d ,  
137 The pr imary s o u r c e  of  gamma r a y s ,  5 m C i  o r  Cs, was Located 

abou t  30 cm from a  NaI(T1) s c i n t i l l a t i o n  c r y s t a l  (L,27 cm t h i c k  by 

4.51 cm d i a m e t e r )  mounted on a n  RCA 6199 m u l t i p l i e r  pho to tube ,  

The window w i d t h  of  t h e  s i n g l e  channe l  a n a l y z e r  was s e t  a t  0.2 

v o l t .  G lass  p l a t e s  were used a s  s t a n d a r d  a b s o r b e r s ,  A 26.6-cm- 

long sample h o l d e r  was des igned  s o  t h a t  t h e  p l a t e s  cou ld  be  e a s i l y  

i n s e r t e d  o r  removed from t h e  beam p a t h ,  Dens i ty  measurements were  

made a t  22, 5.5, 20, 33, 5, 26 and 13 C, i n  t h a t  sequence ,  

S t a b i l i z a t i o n .  One method f o r  s t a b i l i z a t i o n  u t i l i z e s  t h e  NC-20 

spect rum s t a b i l i z e r ,  Th i s  u n i t  i s  a s p e c i a l  s i n g l e  channe l  a n a l y z e r  

which d e t e c t s  s h i f t s  i n  t h e  s p e c t r a l  peak of  i n t e r e s t .  When a  s h i f t  

i s  d e t e c t e d ,  a  compensating s i g n a l  i s  g e n e r a t e d  which c a u s e s  an 

e x t e r n a l  h igh  v o l t a g e  power supp ly  t o  change i t s  o u t p u t  v o l t a g e  

t o  c o r r e c t  f o r  t h e  s h i f t .  Our f i r s t  c h o i c e  was t o  use  t h e  0,66 

MeV 137Cs photopeak which i s  t r a n s m i t t e d  th rough  t h e  a b s o r b e r .  

However, a s  t h e  a b s o r b e r  t h i c k n e s s  ( d e n s i t y )  changes ,  t h e  low - r 

energy s i d e  of  t h e  1 3 7 ~ s  photopeak becomes skewed because  o f  smal l  

a n g l e  Compton s c a t t e r i n g ,  Under t h e s e  c o n d i t i o n s  t h e  e l e c t r o n i c s  

used t o  s t a b i l i z e  t h e  spec t rum a r e  unab le  t o  a c c u r a t e l y  t r a c k  t h e  

photopeak i n  t h e  d e s i r e d  manner, F i g u r e  2 shows count  r a t e  v e r s u s  

g l a s s  d e n s i t y  f o r  a  " s t a b i l i z e d "  and u n s t a b i l i z e d  sys tem a t  

33 - 4- 0,5 C .  The n o n l i n e a r i t y  o f  t h e  s t a b i l i z e d  sys tem i s  ev idence  
137 

t h a t  t h e  t r a n s m i t t e d  Cs photopeak cannot  be used f o r  s t a b i l i z i n g  

purposes ,  Th i s  c l e a r l y  shows t h a t  d e n s i t y  changes c a u s e  v a r i -  

a t i o n s  i n  t h e  spec t rum shape  t o  t h e  degree  t h a t  t h e  e l e c t r o n i c  

spect rum s t a b i l i z e r  I a i l s ,  

Our a l t e r n a t i v e  approach was t h e  u s e  of  a n o t h e r  r e f e r e n c e  

s o u r c e  on which t h e  sys tem cou ld  be s t a b i l i z e d ,  The s o u r c e  was 
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lo i .a tc~d so C l u t  i t  was not a f l c c t e d  by d e n s i t y  changes ,  Thcore t -  

i c d l  co11si d e r a  t i m ~ s  l i m i t  t h i s  secondary s o u r c e  t o  gainma erni.1 t e r s ,  
b 0 

sucli as Co, which have t h e  same energy spect rum response  t o  
137 6 0 

t empera tu re  v a r i a t i o n s  a s  t h e  primary C s  s o u r c e .  A0.4p.C.i co 
gamma ray s o u r c e  was i n c o r p o r a t e d  i n t o  t h e  d e t e c t o r  assembly by 

a t t a c h i n g  i t  t o  the  bot tom of  t h e  s c i n t i l l a t i o n  c r y s t a l ,  The 

photopeak o f  t h i s  secondary  source ,  t r a c k e d  by t h e  e l e c t r o n i c  

spect rum s t a b i l i z e r ,  v a r i e d  w i t h  t empera tu re ,  b u t  was independent  
6 0 of  d e n s i t y  changes ,  Although Compton s c a t t e r i n g  from t h e  Co i n  

13  7  
t h e  r e g i o n  o f  t h e  Cs photopeak g i v e s  a  r e l a t i v e l y  h igh and 

un i fo rm background count  (15 c p s ) ,  i t  does n o t  i n t e r f e r e  w i t h  t h e  

d e n s i t y  measurements. 

R e s u l t s  and D i s c u s s i o n :  Count r a t e  a s  a  f u n c t i o n  of  g l a s s  

d e n s i t y  a t  seven  t e m p e r a t u r e s  from 5 t o  33 C i s  p r e s e n t e d  i n  

F i g u r e  3 ,  The e x p e r i m e n t a l l y  determined count  r a t e s  a r e  d e s i g n a t e d  

by t h e  open c i r c l e s  w h i l e  t h e  s o l i d  l i n e  was o b t a i n e d  from a  l i n e a r  

r e g r e s s i o n  a n a l y s i s  of  l o g  count  v e r s u s  d e n s i t y  f o r  a l l  d e n s i t i e s  

a t  a l l  seven t e m p e r a t u r e s .  The l i n e a r i t y  of  t h e  d a t a  demons t ra tes  

t h e  h igh  degree  o f  s t a b i l i t y  ach ieved  even w i t h  a  wide v a r i a t i o n  

i n  t e m p e r a t u r e  and d e n s i t y ,  

F i e l d  : 

With t h e  t e m p e r a t u r e  s t a b i l i z a t i o n  t e c h n i q u e  d i s c u s s e d  above 

comes t h e  n e c e s s i t y  of  d e s i g n i n g  a u x i l i a r y  equipment which w i l l  

f a c i l i t a t e  t h e  f i e l d  measurement o f  w a t e r  c o n t e n t ,  Our o b j e c t i v e  

was t o  deve lop  equipment which cou ld  be programmed t o  au tomat ic -  

a l l y  move a  s o u r c e  o f  gamma r a y s  and a  s c i n t i l l a t i o n  d e t e c t o r  

assembly w i t h i n  t h e  s o i l  p r o f i l e  and r e c o r d  t h e  coun t  r a t e s  and 

s o i l  d e p t h s .  From t h e s e  d a t a ,  w a t e r  c o n t e n t s  would then  be 

c a l c u l  a t e d ,  

P rev ious  work w i t h  f i e l d  equipment used a  s i n g l e  s o u r c c  of 

gamma r a y s  w i t h  a  s i n g l e  d e t e c t o r .  However, t o  i n c r e a s e  t h e  
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snmpliug a r c a ,  and t o  i n c r c a s c  t h e  count  r a t e  f o r  b e t t t ~ r  coun t ing  

s ~ a t . i s t i . c s ,  w e  clcsigned a  sys tem which uses  a  s c i n t i l 1 a t i . o n  
137 

d e t e c t o r  su r rounded  by t h r e e  5 mc Cs gamma ray  s o u r c e s ,  120' 

a p a r t ,  each  30 cm from t h e  c e n t e r  of t h e  d e t e c t o r .  

Thc a c t i v e  p o r t i o n  of  e a c h  cesium s o u r c e  i s  a  cube, 0.2 cm on 

a  s i d e ,  and i s  housed i n  a  0.47 cm d iamete r  s t a i n l e s s  s t e e l  rod ,  

The d e t e c t o r  assembly and n u c l e a r  coun t ing  equipment were t h e  same 

a s  r e p o r t e d  under  L a b o r a t o r y .  The s o i l  sampl ing volume w i t h  t h i s  

equipment i s  composed e s s e n t i a l l y  of  t h r e e  s o l i d  a n g l e s  w i t h  t h e  

f a c e  o f  t h e  0.2 x 0 , 2  cm gamma r a y  s o u r c e  on one end and the  s c i n -  

t i l l a t i o n  c r y s t a l  f a c e  of  0,5 cm x 4.8 cm a t  t h e  o t h e r  end,  

Sources  and d e t e c t o r  a r e  connected by r o d s  t o  a  mounting 

p l a t e ,  which i n  t u r n  i s  connected w i t h  a  g e a r  r a c k  t o  a  g e a r  

motor.  Th i s  motor i s  mounted on a t r i p o d  which s t a n d s  over  t h e  

s o u r c e  and d e t e c t o r  a c c e s s  tubes .  The s o u r c e s  and c r y s t a l  a r e  i n  

t h e  same p lane ,  s o  a s  t h e  mounting p l a t e  i s  moved down and up, t h e  

w a t e r  c o n t e n t  p r o f i l e  i s  measured i n  n e a r l y  0 2  cm i n c r e m e n t s .  To 

c o n t r o l  and program t h i s  v e r t i c a l  movement, an  e l e c t r o n i c  c o n t r o l  

sys tem was des igned  and i n t e r f a c e d  w i t h  t h e  n u c l e a r  c o u n t i n g  

equipment.  

Connected t o  t h e  main d r i v e s h a f t  of  the  g e a r  motor i s  a  7.6 cm 

d iamete r  d i s k  w i t h  f i v e  0,3 cm d iamete r  h o l e s  e q u a l l y  spaced  on a 

2 ,9  cm r a d i u s .  On one s i d e  of  t h e  d i s k  i s  a  p h o t o e l e c t r i c  (PE) 

c e l l  and on t h e  o t h e r  a  lamp. The PE i s  connected t o  an  e l e c t r o n i c  

c o u n t e r  i n  t h e  c o n t r o l  box. For t h i s  p a r t i c u l a r  system, 1 0  coun t s  

r e g i s t e r e d  by t h e  PE i s  e q u a l  t o  a  v e r t i c a l  movement of 0 .1  cm by 

t h e  s o u r c e  and d e t e c t o r  assembly.  

The sys tem o p e r a t e s  a s  f o l l o w s ,  The s o u r c e s  and d e t e c t o r  a r c  

i n i t i a l l y  p o s i t i o n e d  s o  t h a t  t h e  s c i n t i l l a t i o n  c r y s t a l  " sees"  t h e  

0  t o  0.5 cm l a y e r  01 s u r f a c e  s o i l ,  w i t h  the  s o u r c e s  a t  the  0 t o  

0.2 cm dep th .  When t h e  s y s t e m  r e z e r o  b u t t o n  i s  a c t i v a t e d ,  a l l  
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c o u u t c r s  a r c  r e s e t  t o  z e r o .  With Lhe t imer  s e t  Lor a preset .  tiinc 

(say,  2 minutes ) ,  tile sys tem s t a r t  s w i t c h  i s  a c t i v a t e d .  Cctunts 

a r c  accunwlated on t h e  s c a l e r  f o r  t h e  p r e s e t  t ime ,  At t h e  end of  

the  coun t ing  p e r i o d  a  command i s  g i v e n  t o  t h e  d i g i t a l  p r in t -e r  t o  

p r i n t  t h e  d e p t h  (000.5 cm) and the  c o u n t s  (up t o  999999 t o t a l  

c o u n t s ) .  A f t e r  p r i n t i n g ,  a  command i s  s e n t  t o  r e s e t  t h e  t imer ,  

s c a l e r ,  and increment  c o u n t e r  t o  z e r o  and s t a r t  t h e  g e a r  motor ,  

The motor t h e n  r u n s  u n t i l  t h e  increment  c o u n t e r  r e a c h e s  i t s  p r e s e t  

v a l u e ,  s t o p s ,  and t h e  s c a l e r  b e g i n s  coun t ing  t h a t  inc rement .  

With t h e  f o u r  inc rement  c o u n t e r s  (which cor respond  t o  0 ,5 ,  

l , O ,  5,0, and 10.0 cm i n c r e m e n t s )  a r e  f o u r  t o t a l i z i n g  c o u n t e r s ,  

These c o u n t e r s  accumulate  t h e  c o u n t s  from t h e i r  a p p r o p r i a t e  i n c r e -  

ment c o u n t e r s  and s w i t c h  t o  t h e  nex t  increment  c o u n t e r  when t h e  

p r e s e t  t o t a l  coun t  i s  r e a c h e d ,  For i n s t a n c e ,  coun t  r a t e  d e t e r -  

mina t ion  (water  c o n t e n t  measurements)  can be  made i n  0 , 5  cm 

inc rements  f o r  t h e  0  t o  1 0  cm s o i l  dep th ,  t h e n  swi tched  t o  l cm 

inc rements  f o r  t h e  10 t o  30 cm d e p t h .  The n e x t  inc rements  could  

then  be 1 0  cm f o r  t h e  30 t o  150 cm s o i l  d e p t h ,  Other  combinat ions  

than  t h e s e  mentioned can a l s o  be programed. 

A l t e r  t h e  l a s t  inc rement  i s  measured, t h e  t o t a l  d e p t h  c o u n t e r  

a c t i v a t e s  t h e  sys tem r e s e t  s w i t c h  which r e v e r s e s  t h e  motor, 

b r i n g i n g  t h e  s o u r c e s  and d e t e c t o r  back t o  t h e  z e r o  r e f e r e n c e :  and 

i n i t i a t e s  t h e  scann ing  procedure  a g a i n .  

I n  a d d i t i o n  t o  t h i s  a u t o m a t i c  mode i s  a  manual mode, which 

a l lows  t h e  o p e r a t o r  t o  manually s w i t c h  t h e  motor on t o  move t h e  

probes  down o r  up ,  The p robes  can  be s topped  a t  any d e p t h  by 

engaging t h e  sys tem s t o p  s w i t c h ,  The probe d e p t h  i s  v i s u a l l y  

d i s p l a y e d  on t h e  f r o n t  of  t h e  c o n t r o l  pane l  a s  w e l l  a s  on t h e  

p r i n t e d  t a p e .  Depress ing  t h e  sys tem s t a r t  s w i t c h  s t a r t s  t h e  

probes  moving from t h e  p o s i t i o n  where they  were manually s t o p p e d ,  

F i e l d  I n s t a l l a t i o n  01 Access Tubes, l n s t a l l i n g  t h e  t h r e e  

s o u r c e  and one d e t e c t o r  a c c e s s  t u b e s  i n  t h e  f i e l d  must be done 
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c , l r t \ t u l l y  t o  i n s u r e  propcir a l ignment  o f  t h e  t u b c s ,  A 24 x 24 x 5 
inch t h i c k  s t c e l  p l a t e  w i t h  h o l e s  and g u i d e  tubcs  i n  t h e  propcr  

ar rangcment  i s  p laced  i n  t h e  f i e l d  whcrcl measurements a r c  t o  be 

made. A b u l l s e y e  l e v e l  on t h e  p l a t e  i s  used t o  i n s u r e  t h a t  t h e  

a c c e s s  t u b c s  w i l l  be p l a c e d  i n  t h e  s o i l  a t  r i g h t  a n g l e s  t o  t h e  

s u r f a c e ,  The a c c e s s  tubes ,  2 i n c h  OD x 0.049 i n c h  w a l l  t h i c k n e s s  

d e t e c t o r  t u b e  and 0.75 i n c h  OD x 0,043 i n c h  w a l l  t h i c k n e s s  a c c e s s  

tubes ,  a r e  p laced  i n  t h e  g u i d e s  i n  t h e  a l ignment  j i g .  

An auger  i s  put  i n t o  one o f  t h e  a c c e s s  t u b e s  and s o i l  removed 

from a  5-cm d e p t h  inc rement .  The s o i l  sample i s  used f o r  g r a v i -  

m e t r i c  w a t e r  c o n t e n t  a n a l y s i s .  The a c c e s s  tube  i s  t h e n  pushed i n t o  

t h e  s o i l  t h i s  5-cm increment  and t h i s  p rocedure  i s  r e p e a t e d  i n  a l l  

t h e  tubes  u n t i l  t h e  predetermined d e p t h  i s  r eached .  

The a l ignment  j i g  i s  then  removed l e a v i n g  30 cm of  a c c e s s  

t u b e s  exposed above t h e  s o i l  s u r f a c e ,  L e v e l i n g  of  t h e  s o u r c e s  and 

ehe d e t e c t o r  i s  f a c i l i t a t e d  by u s i n g  t h e  t o p s  o f  t h e  t u b e s  a s  a  

r e f e r e n c e  p o i n t ,  

C a l i b r a t i o n ,  The e q u a t i o n  used t o  d e s c r i b e  t h e  number of 

monoenerget ic  gamma r a y s  t h a t  pass  th rough  an a b s o r b e r  ( i n  our  

c a s e ,  a  s o i l - w a t e r  sys tem)  i s  

where I i s  t h e  count  r a t e  o f  t h e  r a y s  p a s s i n g  th rough  t h e  a b s o r b e r ,  

I i s  t h e  coun t  r a t e  w i t h  no a b s o r b e r ,  x i s  t h e  d i s t a n c e  between 
0 

s o u r c e  and d e t e c t o r ,  u t h e  mass a t t e n u a t i o n  c o e f f i c i e n t  f o r  dry  
S 

s o i l ,  t h e  a t t e n u a t i o n  c o e f f i c i e n t  f o r  w a t e r ,  P and P a r e  t h e  
S W 

masses of  d ry  s o i l  and w a t e r  pe r  u n i t  volume o f  t h e  s o i l  w a t e r  

sys tem,  The term P when d i v i d e d  by t h e  d e n s i t y  of wa te r ,  i s  the 
w ' 

v o l u m e t r i c  w a t e r  c o n t e n t  of  t h e  s o i l ,  
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I'hc primary i n t c u c s  i i n  u s i n g  a Kanmla t ran$,iniss i o n  tecljn iclucs 

L ~ I  :I sc)il-watc.r sys tem i s  t,) rncasul-c1 i i l c  v d u t n e ~ r i c  w a t i r  c o r l ~ (  t i t  

I) (assuming the  d e n s i t y  oi w a t e r  t o  be 1 .00) .  Th i s  term can bc 
I$ 

ca lcu1nkcd i f  I i s  measured and a l l  o t h e r  terms a r e  known, I t  i s  

assumed t h a t  t h e  term I n  Io, x $ ~ ,  
xLJw 

and P remain c o n s t a n t  d u r i n g  
s  

an  exper iment .  One l i m i t a t i o n  of  t h e  method i s  t h a t  t h e  s o i l  bu lk  

d e n s i t y  P may change due t o  s h r i n k i n g  and s w e l l i n g  of the  s o i l .  
s 

The f o u r  c o n s t a n t s ,  Io, x~ x ; ~  and P must be o b t a i n e d  by 
S' w' S 

exper iment ,  w i t h  t h e  e x c e p t i o n  t h a t  an e m p i r i c a l  r e l a t i o n  between 

t h e o r e t i c a l  v a l u e s  of  u. and $ can  be used t o  s i m p l i f y  t h e  c a l c u -  
S W 

l a t i o n  of  Ps. The term I i s  o b t a i n e d  by i n s e r t i n g  a n  a b s o r b e r  
0 

between t h e  s o u r c e  and d e t e c t o r  a c c e s s  t u b e s  whose d e n s i t y  can be  

changed i n  a  known way and t h e  count  r a t e  o b t a i n e d  f o r  d i f f e r e n t  

d e n s i t i e s ,  I n  p r a c t i c e  t h i s  i s  ach ieved  by p l a c i n g  a  t r a y  con- 

t a i n i n g  10k x 2 x 2 i n c h  s t e e l  p l a t e s  between t h e  s o u r c e  and 

d e t e c t o r  a c c e s s  t u b e s ,  Count r a t e s  a r e  o b t a i n e d  and a  p l a t e  

removed and t h e  count  r a t e  t a k e n  a g a i n .  Th i s  i s  r e p e a t e d  u n t i l  

a l l  b u t  one p l a t e  i s  removed. The l o g a r i t h m  of  t h e  count  r a t e  

i s  p l o t t e d  v e r s u s  t h e  number of s t e e l  p l a t e s .  I f  a l l  assumpt ions  

a r e  met and t h e  equipment i s  working p roper ly :  a  l i n e a r  r e l a t i o n  

i s  o b t a i n e d ,  The i n t e r c e p t  o f  t h i s  r e l a t i o n  i s  t h e  term l n  I . 
0 

The v o l u m e t r i c  w a t e r  c o n t e n t  can be expressed  a s  

where Ow i s  t h e  g r a v i m e t r i c  w a t e r  c o n t e n t  and P i s  a g a i n  
W 

i m p l i c i t l y  d i v i d e d  by t h e  d e n s i t y  of  w a t e r  (1 ,00) .  I f  wc can 

a s s u m  t h a t  t h e  e x p e r i m e n t a l l y  determined v a l u e s  of  ;L and !i s  W 

w i l l  always be i n  t h e  same r a t i o  t o  e a c h  o t h e r  a s  t h e  theoretical 

v a l u e s ,  t h e n  
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s u b s t i t u t i n g  ( 2 )  and ( 3 )  i n t o  (1) y i c ~ l d s  

OE t h e  terms i n  t h e  r i g h t  hand s i d e  of  (4) on ly  xp and Ow remain w 
t o  be e v a l u a t e d .  

I f  t h e  s o i l  w i t h i n  the  e x p e r i m e n t a l  a r e a  i s  h o r i z o n t a l l y  

uniform, t h e  w a t e r  c o n t e n t  d can be measured by sampl ing and 
W 

weighing a t  t h e  s o i l  d e p t h s  of  i n t e r e s t .  Th i s  i s  done a t  the  same 

t ime t h a t  t h e  gamma a p p a r a t u s  i s  scann ing  t h e  v a r i o u s  d e p t h s .  The 

term x p  can be measured d u r i n g  a n  i r r i g a t i o n ,  I f  s e v e r a l  c e n t i -  
w 

m e t e r s  of  w a t e r  i s  ponded above t h e  s o i l  and t h e  coun t  r a t e  t aken ,  

"'"w 
i s  merely t h e  d i f f e r e n c e  i n  I - I n  I. Knowing xu and i n  Io, 

0 w 
and measuring L and 8 a t  e a c h  depth ,  t h e  b u l k  d e n s i t y  f o r  each w 
d e p t h  can be c a l c u l a t e d  u s i n g  e q u a t i o n  (4) .  

Assuming t h a t  t h e  b u l k  d e n s i t y  P does  n o t  change w i t h  time, 
S 

once P i s  e v a l u a t e d  t h e  v o l u m e t r i c  w a t e r  c o n t e n t  can be c a l c u l a t e d  
S 

f o r  e a c h  d e p t h  u s i n g  

A check can be made on e q u a t i o n  ( 3 )  by scann ing  and t a k i n g  

g r a v i m e t r i c  samples a t  two d i f f e r e n t  t imes  when t h e  s o i l  w a t e r  

c o n t e n t s  a t  t h e  two t imes  a r e  q u i t e  d i f f e r e n t ,  When t h i s  i s  done, 

t h e  b u l k  d e n s i t y  can be  c a l c u l a t e d  u s i n g  
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A l l  Lerrns i n  e q u a t i o n  ( I )  a r e  now known cxccp t  xjr which can bc? 
S 

c a l c u l a t e d ,  With t h i s  v a l u e  o f  x l ~  and t h e  measured v a l u e  o f  xji 
s W 

t h e  r a t i o  xjt / x ~  w i l l  i n d i c a t e  t h e  degree  of  v a l i d i t y  o f  ( 3 ) .  
S W  

6 0 
Baclcground R a d i a t i o n ,  When the  Co s o u r c e  i s  used i n  the  

s t a b i l i z a t i o n  t echn ique ,  a  s i g n i f i c a n t  background count  i s  

o b t a i n e d .  Th i s  background w i l l  be c o n s t a n t  ( w i t h i n  i t s  coun t ing  

s t a t i s t i c s )  and must be  s u b t r a c t e d  from bo th  T and 1 b e f o r e  any 
0 

c a l c u l a t i o n s ,  d i s c u s s e d  under  C a l i b r a t i o n ,  a r e  made. 

SllMMNlY: 

Labora to ry  and f i e l d  exper iments  have been conducted t o  

deve lop  a  gamma r a y  t r a n s m i s s i o n  t e c h n i q u e  t o  measure w a t e r  

c o n t e n t  p r o E i l e s  i n  s i t u .  The o u t p u t  from e l e c t r o n i c  components 

i n  t h e  gamma r a y  d e t e c t o r  assembly i s  h i g h l y  t e m p e r a t u r e  dependent .  

A r e c e n t l y  a v a i l a b l e  spec t rum s t a b i l i z e r  compensates f o r  o u t p u t  

changes due t o  t e m p e r a t u r e  f l u c t u a t i o n s  by a d j u s t i n g  t h e  h i g h  

v o l t a g e  supp ly .  Labora to ry  exper iments  showed t h a t ,  when a  
6 0 

spec t rum s t a b i l i z e r  was locked on t o  a Co peak ( 1  m i c r o c u r i e  o f  
6 0 

Co was t aped  t o  t h e  d e t e c t o r  assembly)  t h e  c o r r e c t e d  o u t p u t  from 

t h e  d e t e c t o r  d i d  n o t  change when exposed t o  t e m p e r a t u r e s  r a n g i n g  

from 5 t o  33  C. 

For f i e l d  u s e  a  t r i p o d  assembly was c o n s t r u c t e d  t o  house a  

motor and g e a r  mechanism which would lower and r a i s e  t h e  s o u r c e  and 

d e t e c t o r  assembly on command from an e l e c t r o n i c  c o n t r o l l e r .  The 

c o n t r o l l e r  i s  programable and w i l l  a u t o m a t i c a l l y  p o s i t i o n  t h e  

s o u r c e  d e t e c t o r  assembly a t  a  p r e s e t  depth ,  s t a r t  t h e  s c a l e r ,  count  

f o r  a  p r e s e t  t ime,  s t o p  t h e  s c a l e r ,  p r i n t  t h e  d e p t h  and number o f  

coun t s ,  lower t h e  s o u r c e  and d e t e c t o r  t o  t h e  n e x t  p r e s e t  depth ,  

and r e p e a t  t h e  c o u n t i n g - p o s i t i o n i n g  sequence,  Upon r e a c h i n g  t h e  

lowest  p r e s e t  d e p t h  t h e  assembly i s  r a i s e d  t o  t h e  z e r o  d e p t h  and 

t h e  sequence i s  r e p e a t e d .  

I n  t h e  f i e l d ,  i t  i s  d e s i r e d  t o  measure w a t e r  c o n t e n t s  i n  t h i n  

inc rements  i n  o r d e r  t o  o b t a i n  w e l l  d e f i n e d  w a t e r  c o n t e n t  p r o f i l e s .  
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D e t e c t o r  a s s e m b l i e s  c o n t a i n i n g  s c i n t i l l a t i o n  c r y s t a l s  0.5 and I cm 

"ihicli were o b t a i n e d .  The p a r t i c u l a r  a s s e m b l i e s  have proven 

u n s t a b l e  and have been r e t u r n e d  t o  t h e  f a c t o r y  f o r  r e p a i r .  Upon 

r e c e i p t  oC s a t i s f a c t o r y  d e t e c t o r  a s sembl ies ,  e x t e n s i v e  E i e l d  

exper iments  w i l l  be  conducted w i t h  t h i s  equipment,  

PERSONNEL: Ray D. J ackson  and Rober t  J. Reg ina to  

CURRENT TERMINATION DATE: December 1970, 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



i" 
mon 

Annual Report of the U.S. Water Conservation Laboratory



TITLE : FABRICATED-IN-PLACE, REINFORCED LlNINGS AND 

GROUND COVERS. 

CRIS WORK UNIT: SWC-018-gG-2 CODE N O . :  Ariz.-WCL 68-2 

INTRODUCTlON: 

Research on s o i l  t rea tment  t o  i nc rease  p r e c i p i t a t i o n  runoff  

has reduced t h e  cos t  of m a t e r i a l s  from over $2 pe r  square yard t o  

l e s s  than SO cen t s  per  square yard.  While these  reduct ions  i n  

cos t  enhance t h e  p o t e n t i a l  use of water ha rves t ing  techniques ,  

t h e  high cos t  of p re sen t  s t o r a g e  s t r u c t u r e s  i s  s t i l l  a  d e t e r r e n t  

f a c t o r .  Construct ion s i t e  condi t ions  o f t e n  r e q u i r e  t h e  use of 

expensive,  h igh  s t r e n g t h  m a t e r i a l s  such a s  s t e e l  t anks ,  b u t y l  

bags, o r  r e in fo rced  b u t y l  l i n i n g s  f o r  r e s e r v o i r s .  While t h e  

s t r u c t u r e s  a r e  durable ,  they a l s o  cos t  about $80 pe r  1,000 

ga l lons  s t o r a g e  f o r  an average s i z e d  s t r u c t u r e  of 25,000 ga l lons  

capac i ty .  Ma te r i a l s  f o r  t hese  s t r u c t u r e s  a r e  r e l a t i v e l y  bulky,  

i nc reas ing  t r a n s p o r t a t i o n  c o s t s  t o  t he  cons t ruc t ion  s i t e s ,  which 

o f t e n  can be reached only i n  four-wheel d r i v e  veh ic l e s .  There i s  

an urgent  need f o r  m a t e r i a l s  and i n s t a l l a t i o n  procedures which 

permit  lower c o s t  cons t ruc t ion  of durable  water  s t o r a g e  s t r u c t u r e s .  

In  June 1962 a  120,000 ga l lon  r e s e r v o i r  w a s  cons t ruc ted  on the  

Hualapai Indian  Reservat ion i n  cooperat ion wi th  t h e  Bureau of Indian 

A f f a i r s  ( s ee  previous Annual Reports t i t l e d  "Soi l  t rea tment  t o  

reduce i n f i l t r a t i o n  and inc rease  p r e c i p i t a t i o n  runoff" ) .  The 

r e s e r v o i r  was l i n e d  by l a y i n g  1 oz pe r  f t 2  chopped f i b e r g l a s s  

mat and spraying  wi th  two coa t s  of a s p h a l t  emulsion, l ' h i r t y  months 

l a t e r  a  s e a l c o a t  of asphal t -c lay  emulsion was mopped on t h e  l i n i n g .  

I n  June 1964 a  s i m i l a r  r e s e r v o i r  l i n i n g  was i n s t a l l e d  on the  

F t .  Apache Indian Reservat ion i n  cooperat ion with t h e  Bureau of 

Indian  A f f a i r s .  Pe r iod ic  i n spec t ion  of the  two r e s e r v o i r s  has 

found t h a t  t h e  l i n i n g s  have e x c e l l e n t  weathering and d u r a b i l i t y  
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cha rac ' ce r i s t i c s  with e s s e n t i a l l y  no maintenance. Animal. t r a f f i c  

has no t  punctured the  l i n i n g s .  Deer of ten  puncture re inforced  buty 1 

l i n i n g s  wi th  t h e i r  r e l a t i v e l y  sharp  hooves. During the  8 and 6 

yea r s ,  r e s p e c t i v e l y ,  s i n c e  i n s t a l l a t i o n  of t h e  r e s e r v o i r s ,  t he  

l i n i n g s  have remained i n  e x c e l l e n t  condi t ion .  

A s tudy was i n i t i a t e d  i n  J u l y  1968 t o  i n v e s t i g a t e  improved 

m a t e r i a l s  and methods f o r  t h e  cons t ruc t ion  of a spha l t - f i be rg l a s s  

r e s e r v o i r  l i n i n g s ,  d i t c h  l i n i n g s  and p r e c i p i t a t i o n  catchments.  

The v a r i a b l e s  under cons idera t ion  a r e :  type of r e i n f o r c i n g  

m a t e r i a l ,  s e a l i n g  m a t e r i a l ,  and p r o t e c t i v e  coa t ing;  s i t e  prepara- 

t i o n  methods and c o s t s ;  and l i n i n g  i n s t a l l a t i o n  methods and c o s t s .  

PROCEDURE: 

Se lec t ion  of m a t e r i a l s  is  i n i t i a l l y  done on b a s i s  of informa- 

t i o n  suppl ied  by manufacturers .  The p o t e n t i a l  t o x i c i t y  of t h e  

m a t e r i a l s  is  of primary cons ide ra t ion .  The i n i t i a l  work i s  being 

done wi th  f i b e r g l a s s  mat t ing  sea l ed  wi th  a s p h a l t i c  m a t e r i a l s .  

The s t u d i e s  c o n s i s t  of a  concurrent  l abo ra to ry  and f i e l d  eva lua t ion .  

PROCEDURE: 

Pressure-Plate  S tud ie s :  Primary l abo ra to ry  s t u d i e s  c o n s i s t  

of determining the  maximum head of water  t h a t  var ious  t reatments  on 

d i f f e r e n t  types of r e i n f o r c i n g  m a t e r i a l s  a r e  capable of suppor t ing  

without  leakage.  These s t u d i e s  a r e  conducted on a  p re s su re -p l a t e  

assembly. The assembly c o n s i s t s  of two cup-shaped p l a t e s ,  11 

inches  i n  diameter and 1 inch  deep. The bottom p l a t e  can be f i l l e d  

wi th  d i f f e r e n t  subgrade m a t e r i a l s .  The l i n i n g  sample t o  be t e s t e d  

i s  clamped between t h e  two p l a t e s  and a i r  p re s su re  i s  appl ied  t o  

t h e  top p l a t e .  A f l e x i b l e  o u t l e t  tube  from the  bottom p l a t e  

i s  submerged i n  a  beaker of water .  The a i r  p re s su re  i n  t h e  top  

p l a t e  i s  increased  by 2 p s i  increments a t  no t  l e s s  than  two hour 

i n t e r v a l s .  When a i r  bubbles from t h e  o u t l e t  tube i n d i c a t e  a i r  
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pass ing  tltrouglt t h e  l i n i n g ,  t h e  l i n i n g  i s  c o n s i d e r e d  t o  have  

t a i l e d  and t h e  p r e s s u r e  is  recorded .  The samples a r e  c u t  from 

l a r g e r  segments of l i n i n g  m a t e r i a l  t h a t  have been t r e a t e d  and 

cured w i t h  t h e  same equipment and p rocedures  used i n  t h e  f i e l d .  

Samples a r e  a l lowed t o  e q u i l i b r a t e  t o  room tempera tu re  b e f o r e  

t e s t i n g ,  

F i e l d  S t u d i e s :  The f i e l d  s t u d i e s  c o n s i s t  of i n s t a l l a t i o n s  

of d i f f e r e n t  l i n i n g s  under o p e r a t i o n a l  c o n d i t i o n s  t o  develop 

i n s t a l l a t i o n  t e c h n i q u e s  and t o  observe  performance under  a c t u a l  

E i e l d  c o n d i t i o n s .  Exper imental  i n s t a l l a t i o n s  c o n s t r u c t e d  i n  

1969 c o n s i s t  o f :  an e x p e r i m e n t a l  d i t c h  l i n i n g  i n  Hawaii;  an  

o p e r a t i o n a l  catchment i n s t a l l e d  i n  c o o p e r a t i o n  w i t h  t h e  Bureau 

o f  Land Nanagement i n  Arizona,  and a  small w a t e r  h a r v e s t i n g  

t e s t  p l o t  i n  Hawaii. 

RESULTS AND DISCUSSION: 

P r e s s u r e - P l a t e  S t u d i e s :  Cutback a s p h a l t s  were  n o t  s a t i s -  

f a c t o r y  f o r  t h e  a s p h a l t - f i b e r g l a s s  l i n i n g .  The a s p h a l t  would 

f low and f a i l  a t  p r e s s u r e  heads  of 2 p s i  u n t i l  a l l  s o l v e n t  had 

evapora ted .  Th is  can t a k e  more t h a n  two months of c u r i n g  t ime  

under  E i e l d  c o n d i t i o n s .  

E i t h e r  c a t i o n i c  o r  a n i o n i c  a s p h a l t  emuls ions  s a t i s f a c t o r i l y  

bonded t h e  g l a s s  f i b e r s  t o g e t h e r  and bonded l a p  j o i n t s  when 

sprayed  on t o p  of t h e  g l a s s  mat. The emuls ions  do n o t  seal a l l  

h o l e s  i n  t h e  m a t  and a  second s e a l c o a t  i s  n e c e s s a r y .  Emulsions 

b r e a k  r a p i d l y  and a  s e a l c o a t  can be a p p l i e d  one day a f t e r  

s p r a y i n g  t h e  emulsion.  There i s  a  p o s s i b i l i t y  t h a t  t h e  s e a l c o a t  

can be a p p l i e d  immediately a f t e r  t h e  emuls ion i s  a p p l i e d .  

Roofing t y p e  a s p h a l t - c l a y  emuls ion and r u b b e r i z e d  a s p h a l t  

emuls ions  have r e c e i v e d  p r e l i m i n a r y  examinat ion as s e a l c o a t s .  

P i n h o l e s  i n  t h e  s e a l c o a t s  have been a  s e r i o u s  problem. Some 
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p i n h o l e s  r e s u l t  from e n t r a i n e d  a i r  bubb les ,  and a n t i - f  o a n h ; :  ngcnlr-; 

shou ld  c o r r e c t  t h i s ,  Other  p i n h o l e s  r e s u l t  from t h e  t a c t  t l l a t  a 

f r e s l l ,  non-oxidized a s p h a l t  s u r f a c e  i s  hydrophobic and t e n d s  t o  

r e p e l  water-based a s p h a l t  emuls ions  a p p l i e d  a s  s e a l c o a t s  . The 

p i n h o l e  problem h a s  n o t  been observed i n  f i e l d  a p p l i c a t i o n  of 

s e a l c o a t s  t o  o x i d i z e d  a s p h a l t  s u r f a c e s .  Fu ture  l a b o r a t u r y  s t u d i e s  

w i l l  be aimed a t  s o l v i n g  t h e  p i n h o l e  problem through the use  o f  

s u r f a c t a n t s  and /or  modi f i ed  a p p l i c a t i o n  t e c h n i q u e s .  

F i e l d  S t u d i e s :  An e x p e r i m e n t a l  s e c t i o n  of a s p h a l t - f i b e r g l a s s  

d i t c h  l i n i n g  was i n s t a l l e d  n e a r  Puunene, Plaui, Hawaii ,  t o  o b t a i n  

i n f o r m a t i o n  on n u t g r a s s  p e n e t r a t i o n  and Labor r e q u i r e m e n t s .  The 

n u t g r a s s  problem is  d i s c u s s e d  i n  t h e  Annual Report  on "Materials 

and methods f o r  w a t e r  h a r v e s t i n g  and w a t e r  s t o r a g e  i n  t h e  s t a t e  

o f  Hawaii." The d i t c h  s e c t i o n  w a s  LOO E t .  l o n g  and had a  w e t t e d  

p e r i m e t e r  o f  24 f t .  S u r f a c e  weed growth was removed by s c r a p i n g ,  

and t r e n c h e s  about  4  x 6 i n c h e s  were dug a long  t h e  upper  banks 

t o  bury t h e  l i n i n g  edges .  A s o i l  s t e r i l a n t  was a p p l i e d  t o  t h e  
2  

s o i l  s u r f a c e .  S h e e t s  of 1-1/2 oz p e r  f t  f i b e r g l a s s  m a t t i n g  

60 i n c h e s  wide and 26 f t .  l o n g  were l a i d  a c r o s s  t h e  d i t c h ,  s tart-  

i n g  a t  t h e  l o v e r  end s o  t h a t  l a p  j o i n t s  were s h i n g l e d  i n  a  

downstream d i r e c t i o n .  Anionic  a s p h a l t  emuls ion was sprayed  on t h e  
2  

mat a t  a  r a t e  of 0 .6  g a l .  p e r  yd a s  i t  was l a i d ,  A s e a l c o a t  of 

a s p h a l t - c l a y  r o o f i n g  emuls ion was a p p l i e d  .with hand brooms a t  a  

r a t e  of 0 .3  g a l .  p e r  yd2 t h r e e  days  a f t e r  i n i t i a l  i n s t a l l a t i o n  of 

t h e  mat. Laying t h e  m a t  and s p r a y i n g  emuls ion took 5 men 1-3/4 

hours .  S e a l c o a t  a p p l i c a t i o n  was done i n  45 minu tes  by 4  men. 

Labor requ i rements  f o r  t h e  l i n i n g  i n s t a l l a t i o n ,  e x c l u d i n g  d i t c h  

p r e p a r a t i o n  done by machine,  was l e s s  t h a n  2 .7  man-minutes p e r  

s q u a r e  y a r d .  
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tisph:At--l. i bc r -g lass  was i n s r a l l c d  on Lop 01 L t t e  raxisi i n 6  

40 x 80 f t .  a s p h a l t  catclment;  a t  t h e  Maul, Hawaii ,  test s i t e ,  

C o n s t r u c t i o n  p rocedure  was t h e  same as f o r  t h e  d i t c h  L in ing  

e x c e p t  t h a t  s o i l  s t e r i l a n t  was a p p l i e d  o n l y  around t h e  edges  

and t h e  s e a l c o a t  was s p r e a d  two days a f t e r  i n i t i a l .  a p p l i c a t i o n  

of a s p h a l t  emuls ion.  L igh t  r a i n  f e l l  d u r i n g  t h e  i n i t i a l  sp ray-  

i n g  b u t  d i d  n o t  i n t e r f e r e  w i t h  t h e  a p p l i c a t i o n .  The s e a l c o a t  

cannot  be a p p l i e d  d u r i n g  r a i n .  Laying and s p r a y i n g  f i b e r g l a s s  

r e q u i r e d  1-1/4 hours  by 6 men. The s e a l c o a t  was p u t  on by 3 men 

i n  1-3/4 hours .  Labor requ i rement  was l e s s  than 2.2 man-minutes 

p e r  s q u a r e  y a r d ,  

hn o p e r a t i o n a l  a s p h a l t - f i b e r g l a s s  catchment was i n s t a l l e d  

on w h i t l o c k  Peak,  i n  s o u t h e a s t e r n  Arizona,  i n  c o o p e r a t i o n  w i t h  

t h e  Bureau of Land Management. The s i t e  is a c c e s s i b l e  o n l y  i n  

4-wheel d r i v e  v e h i c l e s .  Numerous p a r t i a l l y  b u r i e d  r o c k s ,  up 

t o  3 f t .  i n  d i a m e t e r ,  covered t h e  catchment s i t e  and cou ld  n o t  

be  removed, E u t y l  r u b b e r ,  o r  any o t h e r  e l a s t o m e r i c  o r  p l a s t i c  

m a t e r i a l s  could  n o t  have been i n s t a l l e d  under  t h e s e  c o n d i t i o n s .  

A s p h a l t - f i b e r g l a s s  conforms t o  t h e  shape of t h e  rough s u r f a c e ,  

does n o t  develop l o c a l i z e d  s t r e s s e s ,  and i s  h i g h l y  r e s i s t a n t  

t o  damage by animal  t r a f f i c  o r  wind. The 100 x 100 f o o t  ca tch-  

ment was l a i d  and sprayed  by 7 men i n  3 hours .  A p p l i c a t i o n  of 

t h e  s e a l c o a t  was done by BLM p e r s o n n e l  a t  a  l a t e r  d a t e .  

STTMMARY AND CONCLUSIONS: 

Research i s  reduc ing  t h e  c o s t  of w a t e r  h a r v e s t i n g  catchments  

b u t  s t o r a g e  c o s t s  a r e  s t i l l  t o o  h i g h  f o r  most p o t e n t i a l  u s e r s .  

The i n i t i a l  c o s t  of a 25,000 g a l l o n  s teel  t a n k  o r  e l a s t o m e r i c  bag 

h a s  averaged about  $80 p e r  1 ,000  g a l l o n s .  To reduce  c o s t s ,  

l i n i n g s  of f i b e r g l a s s  m a t t i n g  sprayed  w i t h  a s p h a l t  emuls ion were 

i n s c a l l e d  a t  ca tchments  on t h e  Haulapai  and F t .  Apache Ind ian  
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K t s r ~ ~ v a t i . o u ,  i n  cooperat.i on with the Bureau of l n d  Ian Af  Sai r:, , .in 

1962 and 1964, r e spec t ive ly .  These l i n i n g s  liave rcmained i n  

e x c e l l e n t  cond i t i on ,  with l i t t l e  maintenance, and have not been 

damaged by c a t t l e  o r  deer  walking on them. 

Laboratory and f i e l d  s t u d i e s  were i n i t i a t e d  i n  1969 t o  

i n v e s t i g a t e  improved m a t e r i a l s  and cons t ruc t ion  methods f o r  

fabricated-in-place,  r e in fo rced  l i n i n g s  and ground covers .  Labora- 

t o r y  s t u d i e s  showed t h a t  cutback a s p h a l t s  a r e  not  s a t i s f a c t o r y  

because of t he  long cur ing  time requi red .  Asphalt  emulsions cure  

r e l a t i v e l y  r a p i d l y ,  bond t h e  g l a s s  f i b e r s  t o g e t h e r ,  and make 

e x c e l l e n t  l a p  j o i n t s ,  bu t  do not  s e a l  a l l  ho l e s  i n  t he  g l a s s  mat. 

A second s e a l c o a t  is  requi red .  Pressure-p la te  s t u d i e s  showed t h a t  

p inholes ,  caused by en t r a ined  a i r  o r  t h e  hydrophobic c h a r a c t e r i s t i c s  

of f r e s h  a spha l t  s u r f a c e s ,  can be a  problem. 

An experimental  s e c t i o n  of a spha l t - f i be rg l a s s  d i t c h  l i n i n g  was 

i n s t a l l e d  near  Puunene, Maui, Hawaii, t o  o b t a i n  information on 

nu tg ra s s  p e n e t r a t i o n  and l a b o r  requirements.  The d i t c h  s e c t i o n  

was 100 f t ,  long and had a wetted perimeter  of 24 f t .  The l i n i n g  

was made with 1-132 oz per  f t 2  chopped f i b e r g l a s s  ma t t i ng  

bonded with an ion ic  a s p h a l t  emulsion. A s e a l c o a t  of a s p h a l t  c l ay  

emulsion was appl ied  wi th  hand brooms t h r e e  days a f t e r  i n i t i a l  

i n s t a l l a t i o n .  T o t a l  l a b o r  requirements ,  excluding d i t c h  prepara- 
-2 

t i o n  by machine, were l e s s  than 2 . 7  man-minutes per  yd . 
Asphalt  f i b e r g l a s s  was i n s t a l l e d  on top of t he  e x i s t i n g  

40 x  80 f t .  a spha l t  catchment a t  t he  Xaui, Hawaii t e s t  s i t e ,  

us ing  t h e  same procedure a s  f o r  t h e  d i t c h  l i n i n g .  The i n i t i a l  

i n s t a l l a t i o n  was done during a  l i g h t  r a i n  t h a t  d id  no t  i n t e r f e r e  

wi th  the  i n s t a l l a t i o n .  The s e a l c o a t  was appl ied  two days l a t e r .  
7 

Tota l  l a b o r  requirements were l e s s  than 2 . 2  man-minutes per  yd". 

An ope ra t iona l  a spha l t - f i be rg l a s s  catchment was i n s t a l l e d  

i n  cooperar ion  wi th  t h e  Bureau of Land Management i n  southeas t  e r n  
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v e h i c l e s ,  i s  s o  rough t h a t  b u t y l  r u b b e r ,  o r  any o t h e r  e l a s t o m e r i c  

o r  p l a s t i c  m a t e r i a l s  cou ld  n o t  have been i n s t a l l e d .  The a s p h a l t -  

f i b e r g l a s s  conforms t o  a  rough s u r f a c e ,  e l i m i n a t i n g  local .  stress 

and i s  h i g h l y  r e s i s t a n t  t o  damage by an imals  o r  wind.  

PERSONNEL: G .  W .  F r a s i e r  and L. E. Myers 

CUJiJlENT TERMINATION DATE: July 1971. 
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TITLE : CONSUMPTIVE USE OF WATER BY CROPS I N  ARIZONA 

PART I. UP-DATING CONSUMPTIVE USE ESTIPfATES FOR WHEAT 

AND BARLEY. 

CRIS WORK UNIT: SWC-019-gG-3 CODE NO.:  Ariz.-WCL 58-2 

INTRODUCTION : 

Consumptive use  s t u d i e s  were conducted s e v e r a l  years  ago on 

wheat and ba r l ey  p lan ted  with a  g r a i n  d r i l l  on t h e  f l a t .  The 

v a r i e t i e s  were the  commercial ones used a t  t h a t  time. Within the  

l a s t  two yea r s ,  s e v e r a l  new v a r i e t i e s  of ba r l ey  and wheat have 

been r e l eased  f o r  commercial use.  These new v a r i e t i e s  a r e  h igher  

producers ,  can be p lan ted  e a r l i e r ,  and with new, modern equipment, 

can be p rec i s ion  p lan ted  on beds a s  wel l  a s  i n  rows o r  on t h e  f l a t .  

These new v a r i e t i e s  of wheat a r e  y i e l d i n g  cons iderably  more than 

t h e  old v a r i e t i e s ,  bu t  t h e  s t r aw  i s  s h o r t e r  and poss ib ly  t h e r e  i s  

less l e a f  a r ea .  

Previous measurements of consumptive use  f o r  wheat and ba r l ey  

were publ ished i n  Tech. Bul. 169. New measurements of t he  consump- 

t i v e  use  by t h e s e  new v a r i e t i e s  under t he  new c u l t u r a l  p r a c t i c e s  

should be made, t o  update  the  previous information.  

Very l i t t l e  wheat has  been produced i n  Arizona; however, the  

h igh-y ie ld  p o t e n t i a l  of t h e  new v a r i e t i e s  w i l l  cause a  cons iderable  

i n c r e a s e  i n  wheat acreage.  This  consumptive use  da t a  i s  used i n  

planning cropping systems, des ign  of i r r i g a t i o n  systems, and a s  an 

a i d  i n  developing i r r i g a t i o n  schedules .  

OBJECTIVES : 

1. To measure t h e  consumptive use f o r  the  new v a r i e t i e s  of 

wheat and ba r l ey .  

2 .  To check t h e  need f o r  a  f a l l  i r r i g a t i o n  o r  l a t e  i r r i g a t i o n  

near  h a r v e s t ,  r e s u l t i n g  from e a r l i e r  p l an t ing  d a t e s  and v a r i e t y  

changes. 

3.  To make Piche evaporimeter measurements f o r  p o s s i b l e  

c o r r e l a t i o n  with consumptive use ,  

12-1 
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l'l:i7CEDURE : 

The experiment was loca t ed  on two borders ,  1160 and H61, 

(0.42 a c r e s ) ,  a t  t he  Univers i ty  of Arizona Mesa Experiment Farm, 

Mesa, Arizona, Three v a r i e t i e s  of wheat -- Sonora 64, Maricopa, 

and S i e t e  Cerros -- and t h r e e  v a r i e t i e s  of bar ley  -- Arimar, 

Hembar, and Ar iva t  -- were p lan ted  22 November 1968 i n  a random- 

i zed ,  s p l i t  p l o t ,  s i x - r e p l i c a t i o n  design.  A p rec i s ion  p l a n t e r  

was used, p l an t ing  i n  rows 1 2  inches a p a r t ,  Each p l o t  was 6 rows 

wide and 44 f t  long. Seed was p lan ted  a t  a r a t e  of 35 l b s  t o  t h e  

a c r e ,  The seed bed had previous ly  been f e r t i l i z e d  wi th  140 l b s  of 

n i t r a t e ,  80 l b s  of  phosphate,  and i r r i g a t e d  about 10 days before  

p l an t ing .  S o i l  mois ture  samples were obtained a t  t he  p l an t ing  d a t e ,  

ha rves t  d a t e ,  about every 10 days, and before  and a f t e r  i r r i g a t i o n s .  

Yields  were measured on t h e  two i n s i d e  rows of each p l o t  on 20 f t  

of row. Heads were hand c u t  and threshed.  

Timing of i r r i g a t i o n s  was based mainly on previous s t u d i e s  

and c l o s e  observa t ion  of t h e  s o i l  moisture measurements. 

RESULTS AND DISCUSSION: 

A good s tand  was obta ined ,  except on Sonora 64, No a d d i t i o n a l  

i r r i g a t i o n  water was given u n t i l  25 February. The s tand  on 

Sonora 64 was only f a i r ,  and very l i t t l e  t i l l e r i n g  was observed; 

however, a l l  o t h e r  v a r i e t i e s  t i l l e r e d  w e l l ,  

N o  r a i n  w a s  r epo r t ed  a f t e r  t h e  p l an t ing  d a t e  u n t i l  21 December, 

when 1/10 inch  was r epo r t ed ,  On 26 and 27 December, 0,54 inch, and 

0,42 inch ,  r e s p e c t i v e l y ,  were r epo r t ed ,  There was 1 -44  inch  i n  

January ,  0.47 inch  i n  February, and 0,95 inch i n  March f o r  a t o t a l  

of 3,92 inches  dur ing  t h e  growing season.  The f i r s t  i r r i g a t i o n  

was given on 25 February, then two a d d i t i o n a l  i r r i g a t i o n s  were 

given on 21 PIarch and 12  A p r i l ,  

No i n s e c t s  were observed ; however, t h e  Hembar ba r l ey  lodged, 

p a r t l y  because of a wind storm. The IIembar s t raw was very weak, 
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and bccause of t h e  randomiza t ion  w i t h i n  t h e  s t u d y ,  i t  caused some 

lodgil lg 01 t h e  o t h e r  two v a r i e t i e s  o f  b a r l e y .  S i n c e  t h e  windstorm 

occur red  d u r i n g  t h e  blossoniing s t a g e ,  y i e l d  was undoub teclly reduced,  

e s p e c i a l l y  on Hembar. 'Wheat v a r i e t i e s  d i d  n o t  l o d g e  from t h i s  wind- 

storm. There was some reason  t o  b e l i e v e  a n  a d d i t i o n a l  l i g h t  

i r r i g a t i o n  might  have been b e n e f i c i a l ,  b u t  because  o f  t h e  l o d g i n g ,  

i t  was n o t  accomplished.  

SUMMARY AND CONCLUSIONS : 

Table  1 shows t h a t  y i e l d s  o f  wheat can be  expected t o  be more 

t h a n  100 bu t o  t h e  a c r e .  Though Sonora 64 y i e l d e d  o n l y  abou t  80 bu 

t o  t h e  a c r e ,  a h e a v i e r  s e e d i n g  r a t e  o r  b e t t e r  t i l l e r i n g  shou ld  make 

i t  comparable i n  y i e l d  t o  t h e  o t h e r  two v a r i e t i e s .  The wate r  u s e  

by wheat would appear  t o  b e  a t  least  5 i n c h e s  more t h a n  t h e  22,9 

i n c h e s  as r e p o r t e d  i n  Tech. Bul,  169 (Fig .  I ) .  An a d d i t i o n a l  l a t e  

i r r i g a t i o n  might  have been s l i g h t l y  b e n e f i c i a l ,  i n c r e a s i n g  t h e  

consumptive use .  An a d d i t i o n a l  y e a r  o f  s t u d y  shou ld  be  made, 

i n c r e a s i n g  t h e  s e e d i n g  rate f o r  Sonora 64, add ing  t h e  3nSa v a r i e t y ,  

and checking t h e  b e n e f i t s  o f  a l a t e ,  l i g h t  i r r i g a t i o n .  

Tab le  2 shows t h e  b a r l e y  y i e l d s ,  The y i e l d s  o f  Arirnar and 

A r i v a t  can  b e  compared, b u t  t h e  Hembar y i e l d  was d r a s t i c a l l y  

reduced because  o f  p remature  l o d g i n g ,  and t h u s  should n o t  be 

cons idered  as b e i n g  t y p i c a l .  Consumptive u s e  f o r  t h e  t h r e e  

v a r i e t i e s  compares v e r y  c l o s e l y  w i t h  t h e  25.3 i n c h e s  a s  r e p o r t e d  

i n  Tech. Bul. 169. I f  t h e r e  i s  any change i n v o l v e d ,  i t  would 

p robab ly  b e  on t h e  p l u s  s i d e .  An a d d i t i o n a l  y e a r  o f  s t u d y  should 

b e  conducted t o  c o n f i r m  t h i s .  

PERSOmL: L. J .  E r i e  and 0. F. French 

CURRENT TEmTNAT'LON DATE : December 19 7 0.  
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T a b l e  1. Yie ld  -- Wlleat (gms. per  p l o t )  a 

- -- -- - 
b 

R e p l i c a t i o n s  V a r i e t y  

Sonora 64 S i e t a  Cer ros  Maricopa 

2 1849 2838 2715 

3 1928 3103 2225 

4 1768 2 69 2 2646 

5 2029 2750 2396 

_ _ _ - - _ - _ - - - - - - - - _ - - - - - - - - - - - - - - - -  
Average 1894 2 845 249 6 

- - 

a .  M u l t i p l y  gms. X 2.40 t o  g e t  pounds per  a c r e .  

b e  Some samples i n  Reps. 1 and 6 were a c c i d e n t a l l y  d e s t r o y e d .  
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Table  2,  a  Yie ld  -- Bar ley  (gms. p e r  p l o t )  

R e p l i c a t i o n s  b  V a r i e t y  

A r  imar A r  i v a  t I-lembar 

2 2092 1647 1120 

a .  M u l t i p l y  gms. X 2.40 t o  g e t  pounds p e r  a c r e .  

Some samples i n  Reps. 1 and 6 were a c c i d e n t a l l y  d e s t r o y e d .  

C.  Bar ley  lodged e a r l y ,  p a r t l y  because  o f  wind. Y i e l d  was 
d r a s t i c a l l y  reduced ,  
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T a b l e  3,  Consumptive Use ( i n c h e s )  -- Wheat and B a r l e y  

\BEAT BARLEY 

V a r i e t y  Inches  V a r i e t y  Inches  

Sonora 64  26.0 Hembar 25.7 

S i e t e  Cer ros  28.4 A r  imar 27.3  

Maricopa 27.3  A r i v a t  26.7 
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SEASONAL SOIL  

MOISTURE DEPLETION 

I- 0-1 [ T I  (37%) (BLOSSOMING 

PLANTING 
DATE 7 SEASONAL USE 28.4" 

SEMIMONTHLY USE IN I N C H E S  

Fig, 1. Consumptive Use for Wheat (Siet-e ~ e r r o s )  at Mesa, Arizoua. 1.901-1969. 
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SEASONAL S B i k  
MOlSTURE DEPLETION 

M I L  

S O F T  
/DOUGH 

,22" BALL 

HLY USE IN 1 

Fig. 2,  Consumptive Use f o r  Bar ley  (Arimar) a t  Mesa, Arizona,  1968-69. 
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7.NTRODUCTLON : 

For need of s tudy ,  s e e  Annual Reports f o r  1957, 1958, aud 1966. 

This y e a r ' s  r e p o r t  i s  a  cont inua t ion  o f  t h e  s tudy repor ted  i n  the  

1968 Annual Report a s  Ar iz ,  WCL 58-2. 

OBJECTIVES : 

1, To c o r r e l a t e  c e r t a i n  meteorological  measurements with 

water management on co t ton ,  

2, To check t h r e e  i r r i g a t i o n  schedules on t h r e e  preseilt-,day 

c o t  ton v a r i e t i e s ,  

3, To o b t a i n  d a t a  on accumulative product ion of blossoms, 

b o l l s ,  and y i e l d  on t h r e e  v a r i e t i e s  of co t ton ,  a s  a f f e c t e d  by th ree  

i r r i g a t i o n  regimes and an  e a r l y  i r r i g a t i o n  cut-off  da t e ,  

PROCEDURE : 

The experiment i s  loca t ed  on F ie ld  C - 1  a t  t h e  Univers i ty  of  

Arizona Cotton Research Center,  Phoenix, Arizona, The f i e l d  has 

been i n  co t ton  f o r  t h e  p a s t  t h r e e  years ,  and a l f a l f a  Eor two yea r s  

p r i o r  t o  t h e  co t ton ,  

Cotton s t a l k s  from t h e  1968 crop were plowed under, f e r t i l i z e r  

(150 l b l a c r e  of 21-153-0) was appl ied ,  and Ar iva t  ba r l ey  was p lan ted ,  

This was used a s  a  green manure crop t o  i r o n  out  r e s i d u a l  e f f e c t s ,  

a s  an a i d  t o  pink bollworm c o n t r o l ,  t o  add organic  ma t t e r ,  and t o  

improve i n t a k e  r a t e s ,  

Urea was appl ied  t o  t h e  f i e l d  on 5  Feb 1969, a t  t h e  r a t e  of 

300 l b l a c r e ,  and t h e  bar ley  was plowed under, The f i e l d  was turrowed 

ou t  i n t o  40.-inch furrows and t h e  pre-plant  i r r i g a t i o n  was given on 

8  March, 

On 27 March, a  bu f fe r  a r e a  of 1 2  rows of Deltapine-16 was 

planted ,  beginning on the  west s i d e  of t h e  f i e l d ,  Af te r  tl!e b u f f e r  
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zone was p l an ted ,  DPL-16, Hopicala,  and I'inla S-4  were plirn ~cc l  i n  

4-row p l o t s  i n  a random block design,  r e p l i c a t e d  f o u r  t i m w  . W i .  t h i n  

each r e p l i c a t i o n ,  t h e r e  wcrc t h r e e  moisture t reatments  ; 656 (mcdiurn) 

and 50X (wet) mois ture  used from t h e  top  3 f t .  The. t h i r d  r n o i s ~ n r e  

t reatment  ( f r equen t )  was given t h e  same quan t i t y  o f  water a s  ttte 

medium t rea tment ,  b u t  a p p l i c a t i o n s  were one-half a s  much given twice 

a s  o f t en .  The l a s t  24 rows on t h e  e a s t  s i d e  were planted equal ly  

t o  Pima S-3 and Pima S-4. 

Timing of i r r i g a t i o n s  on t h e  medium treatment  was based on s o i l  

mois ture  de te rmina t ions ,  I r r i g a t i o n s  on t h e  wet and f requent  t r e a t -  

ments were a l s o  based on t h e s e  s o i l  moisture samples, but  with visual. 

p l a n t  symptoms and ca lendar  schedule a l s o  en te r ing  i n t o  t h e  p i c t u r e .  

Two 30-f t  l eng ths  of row, beginning 80 f t  from t h e  n o r t h  end of 

t h e  f i e l d  i n  each 4-row p l o t  on r e p l i c a t i o n s  1, 2, and 3, were used 

f o r  tagging of  blossoms, Four 1 2 - f t  l eng ths  of row, each comprising 

16  p l a n t s ,  were s e l e c t e d  and designated as quadrants  1, 2, 3, and 4. 

Blossoms i n  Quadrant 2 were tagged d a i l y  from 1 5  June  u n t i l  20 Sep- 

tember. Quadrants 2 and 3 were i n  t h e  upper h a l f  of the  f i e l d ,  

On 15 August, a border d ike  was b u i l t  through t h e  e n t i r e  s tudy 

a rea  but  s p e c i f i c a l l y  through t h e  middle of t h e  tagging  a rea .  This  

was t o  E a c i l i t a t e  an e a r l y  season cu to f f  of i r r i g a t i o n  water t o  t h e  

lower po r t ion  of  t h e  f i e l d ,  On 17 August, tagging was begun i n  

Quadrants 1 and 3, and continued i n  Quadrant 2. 

Machine-picked y i e l d  measurements were made on 75 f t  o f  t he  

two i n s i d e  rows of t h e  4-row p l o t s ,  on both s i d e s  of t he  border 

d ike  which divided t h e  f i e l d  i n  h a l f ,  c r e a t i n g  t h e  a r e a s  r e f e r r e d  

t o  a s  "uppert'  and "lower". Addi t iona l  y i e l d  and b o l l  count measure- 

ments were made on Quadrants 1, 3, and 4 tagging a r e a s  by hand picking. 

Atmographs, n e t  radiometers ,  anemometers, and a hygro-thermograph 

were i n s t a l l e d  i n  a 4-row a r e a  between r eps .  3 and 4,  about 10 June. 

S o i l  moisture dep le t ion  measurements were made i n  two r e p l i c a t i o n s  

of t h e  medium s o i l  moisture t reatment  on a l l  t h r e e  v a r i e t i e s .  
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RESULTS AND DISCUSSION: 

A good s t a n d  was a t t a i n e d ,  t empera tu res  were s l i g l i t  i y  above 

norrn~l 1 i n  Apri  I and May, and good v e g e t a t i v e  growtll O C C \ J ~ ~ C * ~ .  

Blossoming began around t h e  1 5 t h  of  June.  

On t h e  medium t r e a t m e n t ,  a l l  i r r i g a t i o n s  were g iven  when t h e  

s o i l  m o i s t u r e  d e p l e t i o n  was somewhat g r e a t e r  than  t h e  65% p o i n t ,  

a c t u a l l y  a v e r a g i n g  81% used ,  f o r  t h e  f o u r  i r r i g a t i o n s  s t a r t i n g  

25 June .  However, v i s u a l  p l a n t  symptoms d i d  n o t  i n d i c a t e  t h a t  

t h e  p l a n t s  were i n  a  s t a t e  of  s e v e r e  s t r e s s  a t  t h e  t ime  i r r i g a t i o n s  

were g iven .  S p e c i f i c  q u a n t i t i e s  of  i r r i g a t i o n  wa te r  were a p p l i e d  

a t  each i r r i g a t i o n  (Table  4 ) ,  p r i n c i p a l l y  measured w i t h  a  S p a r l i n g  

mete r .  

I n s e c t  p o p u l a t i o n s  were low i n  t h e  e a r l y  season ,  w i t h  some 

lygus  damage i n  l a t e  J u l y ,  Leaf p e r f o r a t o r  b u i l d u p  began abou t  

t h r e e  weeks l a t e r  t h a n  i n  1968, and was n o t  a s  p r e v a l e n t .  Some 

p i n k  bollworm damage was n o t e d  l a t e  i n  t h e  season .  The f i e l d  was 

d e f o l i a t e d  twice ,  on October  1 and 8 .  T h i s  e a r l y  d e f o l i a t i o n  

a f f e c t e d  t h e  l a t e - s e a s o n  b o l l  s i z e ,  and t h e r e f o r e ,  o v e r a l l  t o t a l  

y i e l d .  

SUMMARY AND CONCLUSIONS: 

The o r i g i n a l  p l a n  was t o  m a i n t a i n  t h e  medium "M1"reatment 

a t  a  65% m o i s t u r e  d e p l e t i o n  l e v e l .  The end of t h e  y e a r  s o i l  

m o i s t u r e  d a t a  show t h a t  t h i s  t r e a t m e n t  was i r r i g a t e d  when 81% o f  

t h e  a v a i l a b l e  wa te r  was used,  t h u s  t h e  medium t r e a t m e n t  i s  r e a l l y  

a  d r y  t r e a t m e n t .  D e f o l i a t i o n  and i n s e c t  c o n t r o l  were d i s c o n t i n u e d  

t o o  e a r l y  t o  b e s t  s a t i s f y  t h i s  s t u d y .  T h i s  p robab ly  d i d  n o t  

a f f e c t  blossom p r o d u c t i o n ,  bu t  l a t e  b o l l  s i z e  cou ld  have been 

reduced,  e s p e c i a l l y  on t h e  Pima S-4 v a r i e t y .  

A s i n g l e  machine bu lk  p i c k i n g  was made on 16 December a f t e r  

two d e f o l i a t i o n s .  An a d d i t i o n a l  p i c k i n g  and s a l v a g c  o f  c o t t o n  

from t h e  ground would have p robab ly  r e s u l t e d  i n  a n  a d d i t i ~ n ~ ~ l  
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1 / 4  to I/.! b d c .  o L  co t ton .  I"lblc 5 :+b)c>ws t l~c: yielt l : ,  l i t  s t  ctl . 1 1 ) ( 1  

l i n t  cot t ( > I \ .  c i ~ ~ t l  t h c  l i n t  percc+nt , lgcs .  7'hc consurnpli vcA t l : , t *  w ~ : ,  

me.i:;urtci tor the '?I" p l o t s  o n l y .  Tciblc 6 s t l o w s  t lte l i.rlt wc:igirt 2, 

1'01- edch h a l t  of  t h c  f i e l d  d e s i g n a t c d  by upper a n d  Lower. 'I'l~e 

Lowcr ha J f d i d  not  r e c e i v e  i r r i g a t i o n  water  af tt 'r  8 rlugus t  . 1'11~ 

upper  h a l f  d i d  r e c e i v e  one a d d i t i o n a l  i r r i g a t i o n .  Inspection of 

t h e  l i n t  p e r c e n t a g e s  sl~ows t h e r e  was no c l i l f e r e n c e  i n  l i n t  per- 

c e n t a g e  between d i f f e r e n t  m o i s t u r e  regimes o r  between t h c  upper 

and lower h a l f  of  t h e  f i e l d .  L i n t  p e r c e n t a g e s  were down a t  l e d s t  

10% f o r  a l l  v a r i e t i e s  a s  compared t o  o t h e r  y e a r s .  Y i e l d  d i f l c r e n c c s  

between m o i s t u r e  l e v e l s  were v e r y  s m a l l .  I f  any  t r e n d  e x i s t e d ,  i t  

was toward a  lower '%IM" (81% used) t r e a t m e n t  y i e l d ;  t h i s  was 

e s p e c i a l l y  t r u e  f o r  t h e  Pima v a r i e t y .  P l a n t  h e i g h t s  a l s o  show(~d 

t h i s  r e l a t i o n s h i p ,  i . e .  '%I" i r r i g a t i o n  p l o t s  were s h o r t e s t  and 

IFt' p l o t s  were  t a l l e s t .  

Upper h a l f  y i e l d s  were a lways  h i g h e r  t h a n  lower h a l f  f o r  a l l  

v a r i e t i e s  and i r r i g a t i o n  regimes.  These d i f f e r e n c e s  r e f l e c t  t h e  

b e n e f i t  a c h i e v e d  by g i v i n g  a  l a t e  August o r  e a r l y  September i r -  

r i g a t i o n .  Less b e n e f i t  was a c h i e v e d  by t h e  l a t e  i r r i g a t i o n  on t h e  

wet t r e a t m e n t ,  p robab ly  becausz  t h i s  t r e a t m e n t  had a  g r e a t e r  amount 

of  s t o r e d  wa te r  on 8 August when t h e  l a s t  i r r i g a t i o n  was g iven  

t h e  lower h a l f .  The medium t r e a t m e n t  (81% used)  was v e r y  d r y  on 

8 ~ u g u s t ,  t h e r e f o r e ,  t h e  i r r i g a t i o n  g i v e n  t h e n  d i d  n o t  l a s t  long  

enough t o  comple te ly  mature  t h e  b o l l s .  The e a r l y  d e f o l i a t i o n  

cou ld  be  expec ted  t o  do more damage t o  t h e  upper  h a l f ,  t h u s  d i f -  

f e r e n c e s  between upper  and lower might have been  g r e a t e r  i f  t h e  

d e f o l i a t i o n  had been de layed .  

Consumptive u s e  measurements were made o n l y  on t h e  medium 

t r e a t m e n t s .  F o r  a l l  v a r i e t i e s  t h e  consumptive u s e  o f  34.4 i n c h e s  

was lower t h a n  t h e  long  t i m e  a v e r a g e  f o r  maximum p r o d u c t i o n .  I f  

i r r i g a t i o n s  had been g i v e n  when 65% had been used from t h e  t o p  

3 f e e t ,  a  h i g h e r  consumptive u s e  would have r e s u l t c d  and p o s s i b l y  

a h i  ghcr y i e l d .  
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1 1 : I  I w i t  j I - I I  I L ( I ! .  1 J o I I I 

i n  I - I .  Q,, duct () I -  I t l C  I I I ( 2  c ~ r r s l  , I  
'. 3 1 't 

.11 c, i ~ i  Llic Lowt ' i '  11'1 I. I , o r  L ~ I L ~  h ' i l  L t l i c ~ ~  t l i c l  n o t  rcc:~ i vcL 1 I I ( .  t l o r  iii,i 1 

Scptcmber i r r i g , ~ t i o u .  T h i s  d a t a  sllows t i ~ t  y i c  I d 5  w r b l - i  i l l ( .  1-1 .  

. \bout 2 %  Lor t h e  Hopi .rnd Pima by g i v l n g  dn e,irLy Septcvr~l-,~ i i i - 
r l g a  t i o n .  Thc D c l t a p i n e  was i n c r e a s e d  10. LX. Less i n c  rc<isc- wri i 

noted  f o r  t h e  wet t r e a t m e n t  s u g g e s t i n g  t h a t  a n  e a r l y  c u t - o i f  r r ~ ~ i y  

be tlconomicdlly i e a s i b l e  i f  a  wet regime t ~ s  been nl~1int~1irtc.d o r  

i f  s o i l s  a r e  such t h a t  a  l a r g e  amount of  wa te r  can be  s t o r e d  In 

e a r l y  August .  Though t h e  medium was o v e r s t r e s s e d  (81% u s e d ) ,  ~ . t  

was q u i t e  c o m p e t i t i v e  y i e l d w i s e .  Lf i t  had been k e p t  s l i g h t l y  

w e t t e r  - more l i k e  our  recommended 65% used - a  b e t t e r  b o l l  s l z e  

would have r e s u l t e d .  

T a b l e  8  shows t h e  blossoms and b o l l s  a s  counted f o r  t h e  

e n t i r e  Elowering s e a s o n  i n  Quadrant 2 .  T h i s  q u a d r a n t  was g iven  a 

l a t e  i r r i g a t i o n .  The f i g u r e s  a r e  t h e  mean number of  blossoms and 

b o l l s  from 3 r e p l i c a t i o n s  c o n s i s t i n g  of 16 p l a n t s  i n  1 2  l i n e a l  

f e e t  p e r  p l o t .  The medium t r e a t m e n t  (81% used) r e s u l t e d  i n  t h e  

l a r g e s t  number o f  blossoms f o r  a l l  v a r i e t i e s .  The e f f i c i e n c y  of 

b o l l s  from blossoms v a r i e d  between v a r i e t i e s  and i r r i g a t i o n  l e v e l s .  

The number of  b o l l s  on t h e  s o r t  s t a p l e  v a r i e t i e s  was g r e a t e r  f o r  

t h e  medium i r r i g a t i o n  l e v e l .  For  t h e  Pima v a r i e i - y .  t h e  number o f  

b o l l s  f o r  t h e  f r e q u e n t  i r r i g a t i o n  l e v e l  was l e s s  t h a n  t h e  o t h e r  

two i r r i g a t i o n  l e v e l s  ma in ly  because  t h e r e  were l e s s  blossoms and 

t h e r e  were o n l v  minor d i f f e r e n c e s  i n  e f f i c i e n c y .  

T a b l e s  9 anu 10 show t h e  blossoms and b o l l s  a f t e r  17 August .  

Quadrant  2 (Q ) and Q a r e  i n  t h e  upper h a l f ,  w h i l e  Q i s  iil  t h e  
2 3 1 

lower h a l f  (which d i d  n o t  r e c e i v e  a  September i r r i g a t i o n ) .  'Yht. 

e f f i c i e n c y  of b o l l s  from blossoms was a lways  low f o r  Q o r  t h c  I 
lower o r  l a t e  season  s t r e s s e d  p l o t s ,  The medium (M) i r r i g ' i t i o n  

level r e s u l t e d  i n  a  g r c a t e r  number of blossoms a r t c ' r  17  A u ~ ~ ! s t  

than t h e  o t h c r  i r r i g a t i o n  l e v e l s  ( T ~ b l c  10).  'I'tic f tccj t~c~rl t  (F') 
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i r r - i j ia t  ccl k rc,ltrucnt had tllc I cbwcst ~ L O S S O I I I ~ .  'I't~c c ' I  I ici(811cy o f  

b d L s  i r o n  b l o s s o r ~ ~ s  was s i g n i L i c a n t l y  rctfucc.tl by L l i c  S I - ~ C ~ S  

r - ~ ~ s u l t i l i g  fro111 Llle 8 August i r - r i g a t i o n  c u ~ u l  i. a s  s l r o w n  b y  ~ t l e  

lower c f i i c i e n c i c s  on Q as  conpared t o  (1 Tlitt nuroher o l  b l o s s o m s  
1 3' 

produced i n  t h e  two h a l v e s  of  t h e  f i e l d  were not  cli<bcLed h y  t l ~ c  

l a t e  season  s t r e s s  p l a c e d  on t h e  lower h a l f  (Tab le  10). 

It i s  of  impor tance  t o  know when blossoms open,  and how 

many, t o  i n t e l l i g e n t l y  a s s e s s  answers  t o  t h e  econoiiiics a s soc iaLed  

w i t h  p r o l o n g i n g  t h e  c o t t o n  growing season .  Tab le  11 shows t h e  

f l m e r  p r o d u c t i o n  up t o  17 August ,  t h e  beg inn ing  of  t h e  c u t - o u t  

p e r i o d ,  and t h e  f lower  y i e l d  f o r  t h e  remainder  of t h e  y e a r ,  

g e n e r a l l y  r e f e r r e d  t o  a s  t h e  second s e t  o r  l a t e  season  s e t .  

The d a t a  shows t h a t  d i f f e r e n c e s  i n  number of f lowers  up t o  

17 August were no t  s i g n i f i c a n t l y  d i f f e r e n t  f o r  any  v a r i e t i e s  

t e s t e d .  A f t e r  17 August t h e  medium t r e a t m e n t  pu t  on more f lowers  

t h a n  o t h e r  i r r i g a t i o n  regimes.  When a l l  v a r i e t i e s  under t h e  

medium m o i s t u r e  l e v e l  a r e  added t o g e t h e r ,  t h e  blossoms a f t e r  i7  

August r e p r e s e n t  o v e r  o n e - f o u r t h  of  t h e  t o t a l  b lossoms.  Though 

t h e  l a t e  season  b o l l s  a r e  s m a l l e r ,  a  one-Eourth i n c r e a s e  i n  t h e  

number of  p i c k a b l e  b o l l s  cou ld  be expec ted  t o  be  s i g n i f i c a n t .  

Tab les  12 and 1 3  show t h e  r e l a t i o n s h i p  between t h e  b o l l s  

from f l o w e r s  b e f o r e  and a f t e r  17 A u t u s t .  The number of  b o l l s  

b e f o r e  17 August was s h o r t  7 days d u r i n g  t h e  c u t - o u t  p e r i o d .  

Again t h e  number o f  b o l l s  up t o  17 August a r e  n e a r l y  e q u a l  wlien 

comparing q u a d r a n t s  1 and 3 f o r  a l l  v a r i e t i e s .  Mois tu re  l e v e l s  

d i d  no t  a l t e r  t h e  number of b o l l s  opening b e f o r e  17 August .  

The s i z e  of b o l l s  seems t o  be v e r y  s e n s i t i v e  t o  m o i s t u r e  

l e v e l s .  The d a t a  i n  Tab le  14 show t h a t  b o l l s  were s m a l l e r  f o r  

t h e  medium t r e a t m e n t  ( s t r e s s e d  81% used)  f o r  a l l  m o i s t u r e  l e v e l s  

and v a r i e t i e s  i n  t h e  upper  h a l f  o f  t h e  f i e l d .  The w e t  tretlCmt7nt 

had  l a r g e r  b o l l s  i n  both  upper and lower p o s i t i o n s  oP ttit.1 C i c .  Lci 
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Table 4, Irrigation Schedule for Cotton - 1969 
------. ----.- ---- 

Irrigation Irrigation Dates 
Tr ea tmen t s 

Wet 

+- 
N Medium 
I 
'i 
0 

Frequent 

(a) Upper half of field irrigated, only, 

(b) Numbers refer to inch/application, 

(c) Well (W) 

(d) River (R)  
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T a b l e  5. Y i e l d  and Consumptive Use of  Water by Cotton:  1969 

V a r i e t i e s  I r r i g a t i o n s  seeda L i n t  ~ i n t ~  Consumptive 
& Regimes Use 

No. 1 b / p l o t  % 1 b / p l o t  b a l e s  / a c r e  I n c h e s  

Hopi 

Wet (U) 
b 

Wet (L) 
Medium (U) 
Medium (L) 
Frequen t  (U) 
Frequen t  (L) 

DpL-16 
10 

I 
r" 
-4 

Wet (U) 
Wet (L) 
Medium (U) 
Medium (L) 
Frequen t  (U) 
Frequen t  (L) 

Pima 5-4 

Wet (U)  
Wet (L) 
Medium (U) 
Medium (L) 
Frequen t  (U) , 

Frequen t  (L) 
-- - 

a Mean of  4 replications 

Upper h a l f  o f  f i e l d  
C 

Lower h a l f  o f  f i e l d  Annual Report of the U.S. Water Conservation Laboratory



T a b l e  6. L i n t  Co t ton  Weight D i f f e r e n c e  Between Upper iind h w c r  
Halves  o f  P l o t s .  (Average o f  Four R e p l i c a t i o n s ) .  

Iilois t u r e  
b / I n c r e a s e  I ~ u e  t o  

a / 
Level  Upper - Lower - E x t r a  I r r i g a t i o n  

(Pounds) (Pounds) ( P e r c e n t )  

Hopi- - - 
Wet 9.85 9.65 2.1 

Medium 9.70 8.52 13 .8  

Frequen t  10.40 9 ,54  9  " 0  

2' L a t e  i r r i g a t i o n  g iven .  

bl E a r l y  i r r i g a t i o n  c u t - o f f .  
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Table  7 .  Weight (grams) of Seed Cot ton  f o r  A l l  Tagging Quadrants .  
( 3  r e p l i c a t i o n s ,  16 p l a n t s 1 1 2  l i n e a l  f e e t  p e r  p l o t )  

I r r i g a  Lion Upper T o t a l  Lower T o t a l  P e r c e n t  I n c r e e s t  3126 
Regimes Upper Lower t o  E x t r a  

Q3 '22 1 Q4 
I r r i g ~ L i o n s  

Hopi 

Wet 3579.8 3984.2 7564.0 3469.5 3605.8 7075.3 6 . 4  
Medium 3733.4 4399.6 8133.0 3350.0 3315.1 6665.1 22 .G 
Frequen t  3668.8 3787.4 7456.2 3363.9 3260.3 6624.2 12.6 

DpL- 16 
r" 
N 

I Wet 4958.9 4713.8 9672.7 4638.3 4543.1  9281.4 i . 2  
,-- 
3 Medium 5425.7 4996.9 10422.6 4670.9 47 90.3 9461.4 10.2 

Frequent  4984.6 5064.8 10049.4 4527.7 4402.0 8929.7 12.5  

Wet 3194.3 3413.3 6607.6 3126.6 2969.0 6095.6 
Medium 327 5 . 6  3298.9 6574.5 2777.2 2629.7 5406.9 
Frequent  3125.1 3196.1 6321.2 2905.0 2859.3 5764.3 
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T a b l e  8.  Number o f  Blossoms and B o l l s  i n  Quadrant Two f o r  t h e  P e r i o d  15  June  t o  20 S e p t e x i ~ e r  
( 3  r e p l i c a t i o n s ,  16 p l a n t s / l 2  l i n e a l  f e e t  p e r  p l o t )  

a a 
Wet (7 I r r i g a t i o n s )  Medium (5 I r r i g a t i o n s )  F r e q u e n t  (9  I r r i g a t i o n s )  

b 
- 

Hopi DpL-16 Pima S-4 Hopi DpL-16 Pima S-4 Hopi DpL-16 Piit,a S-4 

Blossoms 2605 2653 27 13  2933 2713 27 95 2481 2564 2566 

B o l l s  7 60 1065 137 1 84 9 1136 1339 7 30 1108 1254 

E f f i c i e n c y  29.2 40.1  50.5 28.9 41.9 47.9 29.4 43 .2  58.9  

a Tagging o f  blossoms n o t  accompl ished f o r  6 days  due t o  i n s e c t i c i d e  s p r a y .  
v 
N 
1 
N 

Tagging of  blossoms n o t  accompl ished f o r  7 days  due t o  i n s e c t i c i d e  s p r a y .  
0 
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Table  9 .  Blossorr~s and B o l l s  A f t e r  17 August 
( 3  r e p l i c a t i o n s ,  16 p l a n t s / l 2  l i n e a l  f e e t  p e r  p l o t )  

-- - -- 

Wet Medium - Frequen t  

Blossonts B o l l s  E f f i c i e n c y  Blossor~is B o l l s  E f f i c i e n c y  Blossot~ls B o l l s  E f f i c i e c c y  

Hopi 

Ql 
6  20 194 31.3 7 7 2 2  10 27.2 47 2 184 39 .0  

DpL- 16 
I-- 
w 1 

469 16 1 34.3 607 188 31.0 356 96 27 . O  

a 
q u a d r a n t  1 (Q1) i n  lower and Q and Q i n  upper h a l f  of  f i e l d  

2  3 
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Table 10. Number of Blosso~us A i L e r  1.7 August 
( 3  r e p l i c a t i o n s ,  16 p l a n ~ s / l 2  l i n e a l  TceL p c r  p l o ~ )  

Wet 
Medium 
Frequen t  

T o t a l  

Hopi 

Wet 
Medium 
Frequen t  

T o t a l  

DpL- 16 

469 428 
607 759 
356 401 - - 

1&32 1588 

Wet 
Medium 
Frequen t  

T o t a l  

a 
Quadrant 1 i n  lower h a l f  of  f i e l d  

Quadrants  2 and 3 i n  upper h a l f  of  f i e l d  
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T a b l c  11. T o t a l  Blossoms f o r  Quadranr  Two 

Wet Medium F r e q u e n t  

Hopi  
D e l t a p i n e - 1 6  
Pima S-4 

B e f o r e  17 ~ u ~ u s t ~  

Hopi 
D e l t a p i n e - 1 6  
Pima S-4 

A f t e r  17 August  

67 0 966 
54 7  562 
5 16 5 98 

a  
T o t a l  Season  

Hopi 2583 2898 
D e l t a p i n e - 1 6  2617 2674 
Pima S-4 2668 2732 

a  
Seven d a y s  were  n o t  t a g g e d  d u r i n g  t h i s  p e r i o d  
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i 1 
T a b  Lc 12. B o l l s  Front Blossoiiis Open ing  Be1 01.c 11 At~gusl- 

(3 r e p l i c a t i o n s ,  16 p l a n t s / l 2  l.inc~ill lack- per  p l o t )  

I r r i g a t i o n  Quaclran t 
Level  

1 Q3 
-- 

Hopi 

Wet 568 57 2 
Medium 549 5 14 
Frequen t  575 -- 609 - 

T o t a l  1692 16 95 
- 

Wet 
Medium 
Frequen t  

T o t a l  

Wet 1038 1050 
Medium 10 16 105 1 
Frequen t  1017 - 1098 - 

T o t a l  307 1 3199 

a  I n f o r m a t i o n  f o r  Q n o t  i n c l u d e d  f o r  comparison because  t a g g i n g  
was n o t  vccomplisaed f o r  7  d a y s  
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T I  1 L .  13011s f ron~  Blossoms Opening A l  tctr L I  A I I ~ ~ ~ S C  
( 3  r e p l i c a r i o n s ,  16 p l a n t s 1 1 2  I.inca L tcct .  pc2r p l o ~ )  

1.1-ri ~ a  Cion - Q u a d r a n  1 ---..- 
Leve 1 

1 '2 3 '2 2 

Hopi 

Wet 194 1 7  9  227 
Medium 2  10 27 3 358 
Frequen t  184 188 - 205 - - 

T o t a l  588 640 7 90 

DpL- 16 

Wet 16 1 190 25 1 
Medium 188 305 24 1 
Frequen t  96 130 - 164 - -- 

T o t a l  44 5  625 656 

Wet 
Medium 
Frequen t  

T o t a l  
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TabLc LA. B o l l  S i ze  Cooqwring Quadrant.  O n e  w i  t h  (>uadrnnL 'I'hrce 
(granls ) 

Wet Eled ium Frequent 
--- 

H o p i  
a  To ta l  Growing Season 

Lower (Q1) 4.44 4.32 4.38 

Pre-  17 August 
b 

Upper (Q3) 4.92 4.77 4.47 

Lower (Ql) 4.86 4.57 4 . 3 8  

DpL- 16 
a  

T o t a l  Season 

Upper (Q3) 4.37 

Lower (Q ) 
1 4.23 

Pre-  17 August b 

Upper (Q3) 4.73 4.52 4.52 

Lower (Q, )  4.57 4.39 4.38 

Pima S-4 

T o t a l  seasona 

Upper (Q3) 2.28 2.25 

Lower (Q ) 
1 2.34 2.12 

Pre-  17 August b 

a 
Each f i g u r e  an average of over 1000 b o l l s  

b 
Each f i g u r e  an average of approximately 850 b o l l s  
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T I l ' L l ~  : DYNAMIC SSMIlARITY I N  I;I,BOW FLOW METERS 

CRIS WORK UNIT: SWC 019-gG-3 CODE N O . :  Ariz.-WCL 6 0 - 2  

INTRODUCTION : 

See Annual Repor t  f o r  1968. 

The  p r o j e c t  i s  now completed.  The r e s u l t s  llave been ana lyzed  

and r e p o r t e d  i n  two p u b l i c a t i o n s  and a  d i s c u s s i o n .  The f i r s t  p a p e r ,  

" E v a l u a t i o n  of  p i p e  elbows a s  f low m e t e r s "  (September 1966) )  was 

p u b l i s h e d  i n  t h e  J o u r n a l  of  t h e  I r r i g a t i o n  and Drainage D i v i s i o n ,  

ASCE, Vol. 72,  No. 3.  D i s c u s s i o n s  by J .  M.  Rober t son  and M. A .  G i l l  

f o l lowed  i n  Vol.  93, No. LR1:158-161 and No. IR3:75-76. A r e p l y  

t o  t h e  d i s c u s s i o n s  was p r e p a r e d  and p u b l i s h e d  i n  Vol. 94,, No. IR3: 

335-339. 

A second m a n u s c r i p t ,  "Modi f i ca t ions  of  elbow m e t e r s  t o  t o t a l i z e  

f l o w , "  has  been s u b m i t t e d  t o  t h e  same j o u n r a l .  

PROCEDURE : 

No new d a t a  was c o l l e c t e d ,  A n a l y s i s  of  p r e v i o u s  d a t a  was 

completed and reviewed i n  t h e  p r o c e s s  o f  p r e p a r i n g  t h e  second rnanu- 

s c r i p t  mentioned above.  

RESULTS AND DISCUSSION: 

The manuscr ip t  on ' M o d i f i c a t i o n  o f  elbow m e t e r s  t o  t o t a l i z e  

f low" p r e s e n t s  t h e  same b a s i c  ma themat ica l  a n a l y s i s  of s h u n t  me te r s  

a s  f low t o t a l i z e r s  f o r  elbow m e t e r s  t h a t  was p r e v i o u s l y  g iven  ( s e e  

Annual Report,,  1968).  It o u t l i n e s  t h e  expec ted  s o u r c e s  and magni- 

t u d e s  of  e r r o r , ,  d e s c r i b e s  how t o  s e l e c t  t h e  p roper  s i z e  of  shun t  

me te r  t o  match t h e  elbow p r e s s u r e  range ,  o f f e r s  s u g g e s t i o n s  on - 
p r e p a r i n g  t h e  elbow p r e s s u r e  t a p s ,  and o u t l i n e s  t h e  f i e l d  c a l i b r a -  

t i o n  t echn iques  i n  d e t a i l .  

L a b o r a t o r y  e v a l u a t i o n  of t h e  mete r  i n d i c a t e s  t h a t  a n  accuracy  

e q u a l  t o  t h e  a c c u r a c y  of t h e  elbow meter  i t s e l f  (+ 3%) i s  p o s s i b l e .  

It i s  p robab le  t h a t  2 5% i s  more r e a l i s t i c  under  f i e l d  c o n d i t i o n s .  

Annual Report of the U.S. Water Conservation Laboratory



SUMMARY AND CONCLUSIONS : 

Thc p r o j e c t  has been completed and t h e  r e s u l t s  have been 

a n a l y z e d .  During t h e  p r o c e s s  o f  t h i s  i n v e s t i g a t i o n :  a  number oU 

f langecl, go0, commercial elbows o f  s e v e r a l  s i z e s  r a n g i n g  Lrom 

3 i n c h e s  t o  1.2 i n c h e s  i n  d iamete r  were c a l i b r a t e d  a s  elbow f low 

m e t e r s .  The a c c u r a c y  t o  which a  c a l i b r a t i o n  e q u a t i o n  can be p r e -  

d i c t e d  u s i n g  o n l y  t h e  nominal  elbow s i z e  and t h e  a v e r a g e  c a l i b r a t i o n  

r e s u l t s  of s e v e r a l  s i m i l a r  elbows was de te rmined  t o  be 2 5%. The 

a c c u r a c y  can  be improved t o  _f 3% i f  p r e c i s e  measurements of t h e  

elbow d iamete r  and r a d i u s  of bend a r e  o b t a i n e d  and i n c o r p o r a t e d  

i n t o  t h e  c a l i b r a t i o n  e q u a t i o n .  A r e l a t i v e l y  s i m p l e  and inexpen-  

s i v e  method f o r  a c c u r a t e l y  d e t e r m i n i n g  t h e  r a d i u s  of  bend w i t h  

c a s t i n g  p l a s t e r  was used .  

The e f f e c t s  of i n s t a l l i n g  t h e  elbow downstream from o t h e r  

p i p i n g  components was s t u d i e d .  I n  g e n e r a l ,  20 d i a m e t e r s  of  s t r a i g h t  

p i p e  ups t ream from t h e  elbow was s u f f i c i e n t  t o  r e d u c e  t h e  e f f e c t s  

of  o t h e r  components on t h e  c a l i b r a t i o n  t o  l e s s  t h a n  1%. Components 

downstream from t h e  elbow produced i n s i g n i f i c a n t  e f f e c t s  on t h e  

c a l i b r a t i o n .  

A second phase  of  t h e  s t u d y  invo lved  t h e  c o n v e r s i o n  of  t h e  

elbow m e t e r ,  which i s  b a s i c a l l y  a  r a t e  m e t e r ,  i n t o  a  f low t o t a l -  

i z i n g  m e t e r .  R e c e n t l y  a v a i l a b l e  i n e x p e n s i v e  wa te r  m e t e r s  of  t h e  

t u r b i n e - t y p e  i n t e n d e d  f o r  m u n i c i p a l  u s e  i n  household  m e t e r i n g  a r e  

w e l l  s u i t e d  f o r  u s e  a s  shun t  me te r s  a c r o s s  d i f f e r e n t i a l  head d e v i c e s  

such  a s  elbow m e t e r s .  T h i s  p e r m i t s  low-cost  c o n v e r s i o n  of a  r a t e  

me te r  i n t o  a  t o t a l i z i n g  m e t e r .  Methods and t e c h n i q u e s  f o r  p r o p e r l y  

s e l e c t i n g  t h e  elbow s i z e  and p r e p a r i n g  i t  t o  produce a  shunt-Elow 

r a t e  compat ib le  w i t h  t h e  working range  of t h e  shun t  me te r  were 

developed.  The r e s u l t  i s  a n  i n e x p e n s i v e  t o t a l i z i n g  mete r  w i t h  a n  
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e r r o r  lehs t h a n  2 57.. The  m e t e r i n g  system i s  most s u i t c t d  t o  c l e a n  

( l o w s  s u c h  3 s  t h o s e  n o r m a l l y  punlped Lrom w e l l s .  

PERSONNEL: J. A .  Rep l o g l e  

CURRENT TERMINATION DATE: December  1 9 7 0  
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TITLE : PUNT RESPONSE TO CHANGES I N  EVAPORATIVE DEMAND 

AND SOIL WATER E'OTENTIAL, AS SHOWN BY MEASURE- 

MENTS OF 'LEAF RESISTANCE, TRANSPIRATION, LEAF 

TEMPERATURE, AND LEAF WATER CONTENT 

CRIS WORK UNIT: SWC-019-gG-3 CODE NO. : Ariz.-WCL 62-10 

PART I. TWE WATER USE EFFICIENCY OF AGAVE AND OPUNTIA PLANTS I N  

THE DESERT 

INTRODUCTION: 

The Annual Repor t  f o r  1968 o u t l i n e d  t h e  p rocedure  f o r  t h e  

f i e l d  exper iment  w i t h  two s u c c u l e n t  s p e c i e s .  The o b j e c t i v e  was 

'!to measure t h e  wa te r  u s e  e f f i c i e n c y  under two l e v e l s  of s o i l  

wa te r  c o n t e n t :  (a)  a  low l e v e l ,  a s  governed by t h e  n a t u r a l  r a i n -  

f a l l  and perhaps  by a  m i n i m d l  amount of supplementary  i r r i g a t i o n ,  

and (b) a h i g h e r  l e v e l  p rov ided  by a  somewhat g r e a t e r  amount of 

i r r i g a t i o n ,  s u f f i c i e n t  t o  promote r a p i d  growth." A t  p r e s e n t ,  

o n l y  p a r t  (b) h a s  been a t t a i n e d ,  s i n c e  t h e  o v e r a l l  growth has  n o t  

been c o n s i d e r e d  s u f f i c i e n t  t o  i n i t i a t e  t h e  d r y  t r e a t m e n t .  

RESULTS AND DISCUSSION: 

I r r i g a t i o n .  A t  p l a n t i n g ,  a  heavy i r r i g a t i o n  was given,  

75 mm o f  w a t e r  pumped from t h e  r e s e r v o i r  which i s  a t  t h e  n o r t h  

edge of t h e  e x p e r i m e n t a l  a r e a .  T h i s  was t o  f i r m  t h e  s o i l  around 

t h e  p l a n t s ,  t o  h e l p  l e a c h  s a l t  downward, and t o  s t o r e  m o i s t u r e  i n  

t h e  s o i l  f o r  encouragement of a d e q u a t e  r o o t i n g .  T h i s  Eirst i r -  

r i g a t i o n  was fo l lowed  i n  two weeks by a  40-mm i r r i g a t i o n  on 28 

October  1968. 

During t h e  y e a r  a  t o t a l  of 16 i r r i g a t i o n s  ( i n c l u d i n g  t h e  two 

j u s t  mentioned) added 435 mm of wa te r  t o  t h e  251 mm o f  accumulated 

r a i n f a l l  ( t h r o u g h  9  October  1969) f o r  agave ;  t h e r e  were two l e s s  

i r r i g a t i o n s  f o r  o p u n t i a .  T h i s  r e s u l t e d  i n  a  t o t a l  water  a p p l i c a t i o n  

of 686 mm f o r  agave and 626 mm f o r  o p u n t i a .  Monthly d i s t r i b u t i o n  

of i r r i g a t i o n  and r a i n  i s  shown i n  Tab le  1. Most i r r i g a t i o n s  con- 

s i s t e d  o f  a  20-mm a p p l i c a t i o n  from a  garden h o s e ,  measured wi th  
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2 a n  a c c u r a t e  w a t e r  mete r  (400 l i t e r s  a p p l i e d  t o  a  p l o t  a r c 2  of 20 m , 
w i t h  a measurement p r e c i s i o n  of 1 l i t e r ) .  Such a s m a l l  amount a t  

a  t ime  minimized deep p e r c o l a  t i o n ,  bu t  n e c e s s i t a t e d  moving t h e  

hose  t o  d i f f e r e n t  l o c a t i o n s  w i t h i n  each p l o t  t o  o b t a i n  un i fo rm 

wate r  s p r e a d i n g  d u r i n g  t h e  LO-minute a p p l i c a t i o n  p e r i o d .  

P r e l i m i n a r y  o b s e r v a t i o n s  i n d i c a t e  t h a t  the. r o o t  systerrls o f  

b o t h  s p e c i e s  have remained q u i t e  s h a l l o w ,  many r o o t s  n o t  be ing  a n y  

deeper  t h a n  15 cm below t h e  s o i l  s u r f a c e .  It would f u r t h e r  enhance 

water  u s e  e f f i c i e n c y  i f  a n  i n d i v i d u a l  i r r i g a t i o n  were reduced t o  

a  mere 10-mm a p p l i c a t i o n .  P l a n s  a r e  be ing  made t o  u t i l i z e  s p r i n k l e r  

i r r i g a t i o n  i n  o r d e r  t o  make such  a  r e d u c t i o n  p o s s i b l e  and s t i l l  

a p p l y  wate r  homogeneously. However, t h i s  i s  w i t h  t h e  p r o v i s o  t h a t  

no s a l i n i t y  o r  s p e c i f i c  i o n  e f f e c t s  appear .  I n  r e c e n t  weeks f i v e  

stem segments from t h r e e  d i f f e r e n t  p l a n t s  have f a l l e n  o f f ,  a f t e r  

hav ing  developed a s u r f a c e  n e c r o s i s .  The sod ium-adsorp t ion  r a t i o  

(SAR) o f  t h e  s a t u r a t i o n  e x t r a c t  from s o i l  n e a r  t h e  b a s e  o f  t h e  

a f f e c t e d  p l a n t s  was h i g h  enough t o  be  a  p o s s i b l e  c a u s e  of concern.  

A p p r o p r i a t e  l e a c h i n g  may have t o  be  c a r r i e d  o u t .  

The p o t e n t i a l  development of a  s a l i n i t y  o r  sodium problem due 

t o  t h e  minimal l e v e l  o f  i r r i g a t i o n ,  and consequent  n e g l i g i b l e  

amount of deep p e r c o l a t i o n ,  may impose a  l i m i t  a s  t o  how much 

r e d u c t i o n  can be  a c h i e v e d  i n  t o t a l  a p p l i c a t i o n  p e r  y e a r .  

S o i l  Water Conten t .  Weekly measurements were made w i t h  a  

n e u t r o n  mete r  i n  a n  a c c e s s  t u b e  a t  t h e  c e n t e r  o f  each of t h e  f o u r  

p l o t s .  Readings were t a k e n  a t  t h e  f o l l o w i n g  dep ths :  4 :  24, 44,  

64 ,  84 ,  104, 124, and 144 cm. Al though t h e  f i r s t  d e p t h  was much 

t o o  s h a l l o w  t o  g i v e  a  t r u e  r e a d i n g  o f  t h e  s o i l  wa te r  c o n t e n t ,  t h e  

r e a d i n g s  v a r i e d  i n  t h e  expec ted  d i r e c t i o n  w i t h  changes i n  s o i l  

mois tu re .  Most emphasis was p laced  on t h e  d a t a  from t h e  24-cm 

d e p t h ,  where r o o t  a c t i v i t y  would be most l i k e l y .  Here  t h e  s o i l  

water  c o n t e n t ,  
@v' 

p e r c e n t  by volume, tended t o  remain a t  12.5%, 

due t o  r a i n s  and t i m e l y  i r r i g a t i o n s .  However, i n  A p r i l  8" 
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ranged down t o  t h e  minimum f o r  t h e  whole y e a r ,  d e s p i t e  20-mm 

i r r i g a t i o n s  on 09 and 24 A p r i l ,  a n  amount u s u a l l y  s u f f i c i e n t  t o  

r e s t o r e  O t o  abou t  20%. T h i s  minimum, 8%) was e q u i v a l e n t  t o  a  
v 

s o i l  wa te r  t e n s i o n  (SWT) of 8  b a r s ,  a s  read  from t h e  s o i l  wa te r  

c h a r a c t e r i s t i c  c u r v e  f o r  a  composi te  sample o f  s o i l  talcen from 

t h e  e x p e r i m e n t a l  s i t e .  The s t a n d a r d  p r e s s u r e  p l a t e  - p r e s s u r e  

membrane method was used t o  develop t h e  curve.  Convers ion o f  

p e r c e n t a g e s  by weight  t o  a  volume b a s i s  was by means of b u l k  

d e n s i t y  (B.D.) t a k e n  i n  p l o t  nos .  1 and 2. An Alabama sampler 

was used t o  measure B.D. i n  15-cm increments  from t h e  s u r f a c e  t o  

a  maximum d e p t h  of 60 cm. The a v e r a g e  B.D. f o r  t h e  8  samples 
- 3 

was 1.80 g  cm . 
The 113-bar  p e r c e n t a g e  was 22.9, a  v a l u e  somewhat h i g h e r  t h a n  

t h e  maximum 8 measured immediate ly  a f t e r  t h e  i r r i g a t i o n  w a t e r  
v  

receded  from t h e  s o i l  s u r f a c e .  The most p r e v a l e n t  wa te r  c o n t e n t  

a t  t h e  24-cm dep th ,  Ov = 12%, corresponded t o  a SWT of 1 . 3  b a r s .  

A t  such  a  wa te r  c o n t e n t  66% of  t h e  a v a i l a b l e  w a t e r  has  been de- 

p l e t e d .  Al though t h i s  regime brought  abou t  good growth d u r i n g  

t h e  f i r s t  y e a r ,  i t  i s  b e l i e v e d  f e a s i b l e  t o  m a i n t a i n  a  somewhat 

h i g h e r  s o i l  w a t e r  c o n t e n t  by i n c r e a s i n g  t h e  i r r i g a t i o n  f requency .  

I f  8 cou ld  be main ta ined  a t  no l e s s  t h a n  15%, t e n s i o m e t e r s  
v  

cou ld  be used w i t h o u t  going o f f  s c a l e .  Such a  regime might be 

a t t e m p t e d  f o r  a  "wet" t r e a t m e n t ,  t o  c o n t r a s t  w i t h  a  "d ry t t  t r e a t -  

ment wherein  SWT a t t a i n e d  t h e  15-bar  v a l u e  (8 = 7 . 8  p e r c e n t )  v  
b e f o r e  i r r i g a t i o n .  

P l a n t  Growth. A .  Agave: When t r a n s p l a n t e d ,  on 10 and 11 

October  1968, t h e  agaves  had from 10 t o  20 l e a v e s  and a n  a v e r a g e  

f r e s h  weight  o f  1100 g. A t  t h i s  t ime  t h e  s p i n e  a t  t h e  t i p  of 

each  l e a f  was c l i p p e d  o f f ,  t h u s  f a c i l i t a t i n g  r e c o g n i t i o n  of new 

growth,  as i n d i c a t e d  by t h e  p r e s e n c e  of a  s p i n e .  I n  t h e  38 weeks 

from p l a n t i n g  u n t i l  24 J u l y  1969, t h e  24 agaves  i n  p l o t  no. 1 

developed 118 new l e a v e s ,  t h o s e  i n  p l o t  no. 4  122 l e a v e s ,  g i v i n g  a 
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growth r a t e  oE 3 .1  and 3.2 1eave.s p e r  week per  p l o t ,  r e s p e c t i . v c l y .  

From 2$ J u l y  t o  16 October  t h e  r a t e  i n c r e a s e d  t o  5 l e a v e s  p e r  week 

per  p l o t  i n  p l o t  no. 1 v e r s u s  3.9 f o r  p l o t  no. 4 .  P a r a d o x i c a l l y ,  

t h e  two rows c o n s t i t u t i n g  t h e  h a l f  of t h e  p l o t  i n  which t h e  p l a n t s  

were s e t  o u t  w i t h  no r o o t s  developed 41% more l e a v e s  t h a n  t h o s e  

w i t h  r o o t s  i n i t i a l l y .  For  t h e  whole year  t h e  agaves  formed 173 

new l e a v e s  i n  p l o t  no. 1 and 165 i n  p l o t  no.  4 .  U n f o r t u n a t e l y  

t h e r e  i s  no means of c o n v e r t i n g  t h e  i n c r e a s e  i n  l e a f  numbers t o  

a  g a i n  i n  f r e s h  o r  d r y  weigh t .  O b t a i n i n g  t h e  d r y  weight  increment  

w i l l  have t o  be d e f e r r e d  u n t i l  a l a t e r  d a t e ,  when t h e  p l a n t s  a r e  

l a r g e  enough t o  be t h i n n e d  o u t  by removal of a l t e r n a t e  p l a n t s .  A 

few s e n e s c e n t  o r  dead l e a v e s  a t  t h e  base  of t h e  p l a n t s  were 

t r i m e d  o f f  on 16 October  and r e t a i n e d  f o r  a  f u t u r e  cuniula t ive  

v a l u e  f o r  d r y  weight  p r o d u c t i o n  p e r  p l o t .  The oven-dry weight  of 

t h e s e  l e a v e s  ranged from 2  t o  50 grams. 

P l a n t  Growth. B. Opunt ih:  Ten of t h e  12 p l a n t s  o r i g i n a l l y  

t r a n s p l a n t e d  i n  each of two p l o t s  on 9 and 10 October  1968 were 

c u t t i n g s  w i t h o u t  r o o t s  o r  buds.  The o t h e r  two were  e s t a b l i s h e d  

p l a n t s  w i t h  t h e  o r i g i n a l  s tem segment (pad) and two a d d i t i o n a l  pads .  

The i n i t i a l  a v e r a g e  f r e s h  weight  of t h e  p l a n t s  i n  p l o t  no. 2  was 

684 g ,  and f o r  p l o t  no. 3  674 g .  I n  a  year  t h e  p l a n t s  i n  p l o t  no. 

2  developed 32 new pads ,  a s  compared t o  43  i n  p l o t  no. 3.  

Four p l a n t s  were damaged somewhat by r o d e n t s  u n t i l  a  f e n c e  

was b u i l t .  Also ,  l a t e r  i n  t h e  year  one o r  two pads on each of t h r e e  

p l a n t s  developed a  n e c r o s i s  which h a s  been c o r r e l a t e d  w i t h  a  h igh  

l e v e l  o f  sodium i n  t h e  s a t u r a t i o n  e x t r a c t  of s o i l  t a k e n  n e a r  t h e  

base  of t h e  a f f e c t e d  p l a n t s .  The n e c r o s i s  a p p a r e n t l y  was s e v e r e  

enough i n  two i n s t a n c e s  t o  c a u s e  t h e  pad t o  drop o f f  t h e  p l a n t .  

However, t h e s e  d i f f i c u l t i e s  r e s u l t e d  i n  o n l y  a  s m a l l  l o s s  i n  t o t a l  

growth.  When t h e  buds form a g a i n ,  growth shou ld  occur  g e o m e t r i c a l l y  

i n  comparison t o  t h e  beg inn ing  o f  t h e  p r e v i o u s  season ,  when o n l y  

a  s i n g l e  pad was p r e s e n t  ( a t  10 of t h e  12 l o c a t i o n s  p e r  p l o t ) .  
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I n c r e a s i n g  t h e  f requency  of i r r i g a t i o n  nlay a 1  J e v i a t e  t h c  

e x c e s s  sodium c o n d i t i o n  i n  t h e  o p u n t i a  p l a n t s .  S p e c i a l  a t L e n t i o n  

w i l l  be g i v e n  t o  maintenance of a  low SWT when buds a r e  e n l a r g i n g .  

S W K Y  AND CONCLUSIONS : 

The agaves  made good growth d u r i n g  t h e  p a s t  y e a r ,  hav ing  

produced 1b9 new l e a v e s  (mean of two p l o t s )  from t h e  24 p l a n t s  i n  
2  

t h e  20-m p l o t .  Th i s  was accomplished w i t h  t h e  c o m p a r a t i v e l y  s m a l l  

q u a n t i t y  of  686 mm of wa te r  added t o  t h e  p l o t  i n  t h e  korm of r a i n -  

f a l l  and i r r i g a t i o n  w a t e r .  Timely i r r i g a t i o n s  succeeded i n  rnain- 

t a i n i n g  a  low s o i l  wa te r  t e n s i o n  (SWT) i n  t h e  r o o t  zone i n  a l l  

f o u r  p l o t s  (two e a c h  f o r  a g a v e  and o p u n t i a ) ,  t h e  p r e v a l e n t  v a l u e  

be ing  1 .3  b a r s ,  r i s i n g  t o  a b o u t  8 b a r s  o n l y  i n  A p r i l .  The SWT 

was i n f e r r e d  from weekly measurements of  s o i l  wa te r  c o n t e n t  by a  

n e u t r o n  mete r ,  by r e f e r e n c e  t o  t h e  s o i l  w a t e r  c h a r a c t e r i s t i c  c u r v e  

f o r  t h e  G r a n i t e  Reef sandy loam s o i l  from t h e  e x p e r i m e n t a l  a r e a .  

The o p u n t i a s  a l s o  grew w e l l ,  and on 60 mm l e s s  w a t e r  t h a n  t h e  

a g a v e s .  The s i n g l e  pad i n i t i a l l y  p r e s e n t  a t  10  o f  t h e  12 l o c a t i o n s  

p e r  p l o t  i n c r e a s e d  t o  a n  a v e r a g e  of 4 pads i n  one y e a r ,  T h i s  

was i n  s p i t e  of t h e  l o s s  o f  s e v e r a l  pads due t o  r o d e n t  damage and 

a n  a p p a r e n t  e x c e s s  of sodium i n  t h e  s o i l  a round a  few p l a n t s .  

It i s  concluded t h a t  d u r i n g  t h e  n e x t  y e a r  e s s e n t i a l l y  t h e  

same p rocedure  shou ld  be fo l lowed  a s  b e f o r e ,  excep t  f o r  i n c r e a s i n g  

t h e  f requency  o f  i r r i g a t i o n  somewhat, w h i l e  r e d u c i n g  t h e  amount 

p e r  i r r i g a t i o n  from 20 rnm t o  10  mm whenever f e a s i b l e .  I f  t h e  

growth r a t e  c o n t i n u e s  t o  be  a d e q u a t e ,  i t  i s  a n t i c i p a t e d  t h a t  t h e  

"dry" t r e a t m e n t  can  be s t a r t e d  i n  2 o r  3 months ,  wherein  SWT w i l l  

be  a l lowed  t o  r e a c h  15 b a r s  b e f o r e  i r r i g a t i o n  i n  one p l o t  each of  

agave  and o p u n t i a .  I n  c o n t r a s t ,  t h e  "wett '  t r e a t m e n t  w i l l  n o t  be 

permittred t o  a t t a i n  a  SWT g r e a t e r  t h a n  1 b a r .  These  t r e a t m e n t s  

w i l l  d e t e r m i n e  t h e  e f f e c t  o f  p l a n t  wa te r  s t r e s s  on w a t e r  use  

e f f i c i e n c y  of  two s u c c u l e n t  p l a n t  s p e c i e s .  

Annual Report of the U.S. Water Conservation Laboratory



PART 11. THE TRANSPIRATION RATIO OF AGAVE AND CORN PLANTS AS 

AFFECTED BY LOW SOIL WATER POTENTIAL 

INTRODUCTION : 

A previous greenhouse experiment demonstrated a  water use 

e f f i c i e n c y  of agave twice t h a t  of corn, when s o i l  water was f r e e l y  

a v a i l a b l e  ( t h e  t r a n s p i r a t i o n  r a t i o  being 70 vs .  136, r e s p e c t i v e l y ) .  

It was of i n t e r e s t  t o  f i n d  out  whether t h i s  h igh  e f f i c i e n c y  could be 

f u r t h e r  enhanced by imposing a  p l a n t  water d e f i c i t  due t o  s o i l  

drought.  

PROCEDURE: 

S ix  agave o f f shoo t s  (Agave americana) weighing about 150 g each 

were t r ansp lan ted  t o  1-ga l lon  glazed pots  of a  s tandard  s o i l  

mixture.  The p l a n t s  were grown f o r  11 months, during which 

time s u f f i c i e n t  l ea f  development occurred t o  i nc rease  the  t r a n s p i r a -  

t i o n  r a t e  from 10 t o  125 g /p lan t /day .  Watering, maintenance of s o i l  

f e r t i l i t y ,  avoidance of s a l t  accumulation, and e s t ima t ion  o l  t h e  

t o t a l  s o i l  water p o t e n t i a l ,  qT, were i n  accordance wi th  a  modifica- 

t i o n  of t h e  s tandard  technique descr ibed  i n  t h e  1967 Annual Report.  

For 11 months a l l  po t s  were t r e a t e d  a s  a  "wet" s e r i e s ,  i n  which the  

s o i l  ma t r i c  p o t e n t i a l ,  a s  measured with a  tensiometer ,  ranged 

from 0.02-0.04 ba r  a t  "pot  capaci ty"  t o  0.2 ba r  a t  i r r i g a t i o n ,  when 

64% of t h e  a v a i l a b l e  water had been deple ted .  I n  t h i s  r e p o r t  t h e  

negat ive  s i g n  w i l l  be  omit ted f o r  va lues  of $ and '$" so t h a t  t h e  
M T  ' 

d r i e r  t he  s o i l ,  t h e  g r e a t e r  t h e  numerical va lue  of p o t e n t i a l .  

On 19 December 1969, 10-day o ld  corn seed l ings  (Zea mays cv. 

Mexican June)  were t r ansp lan ted  i n t o  s i x  1-ga l lon  pots  and t r e a t e d  

i n  t he  same manner a s  t he  agaves, except f o r  a  s h o r t e r  establ ishment  

per iod,  two months. Measurements of t h e  growth r a t e  were s t a r t e d  on 

4  February. The "dry" t rea tment  began four  days l a t e r  f o r  t h ree  

po t s  of corn,  a t  which time the  cumulative t r a n s p i r a t i o n  pcr  po t  had 

a t t a i n e d  7 1 7  g ,  a  l o s s  corresponding t o  ?b = 0.2 b a r .  \$hen cumula- M 
t i v e  t r a n s p i r a t i o n  had a t t a i n e d  972 g/pot ,  a l o s s  corresponding to 
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7jl' = 1 ba r ,  the  p l a n t  was r e i r r i g a t e d .  Depending on the  l ea f  a rea  
M 

and evaporat ive demand, t he  dry ing  cyc le  l a s t e d  f o r  from 4 t o  36 

hours.  I n  t he  1-month t reatment  per iod the re  was a  t o t a l  of 10 such 

cyc le s .  

The corn was harves ted  s h o r t l y  a f t e r  t a s s e l s  had emerged, a t  

which time measurements were made of f r e s h  and dry weights of 

leaves,  s t a l k s ,  and r o o t s .  Two days be fo re  ha rves t  hourly measure- 

ments were taken of t h e  t r a n s p i r a t i o n  r a t e ,  followed a t  ha rves t  by 

de termina t ion  of t he  l e a f  a r e a  per  p l a n t .  

For agave, t he  dry  t rea tment  began a t  t h e  same water l o s s  a s  

f o r  corn, 717 g lpo t ,  b u t  extended t o  and much beyond the  15-bar 

percentage s o i l  water  conten t .  Af t e r  t h e  dry ing  cyc le  was s t a r t e d ,  

t h e r e  was no f u r t h e r  water ing of t he  agaves f o r  s e v e r a l  weeks. The 

one i r r i g a t i o n  t h a t  broke the  long period of s o i l  drought aga in  was 

followed by a  2-month drought,  a f t e r  which t h e  p l a n t s  were ha rves t -  

ed. Fresh and dry  weight of shoot  and r o o t s  were obtained,  i n  

a d d i t i o n  t o  measurements of t h e  t o t a l  water p o t e n t i a l  of p l a n t  and 

s o i l .  

RESULTS : 

Corn. As shown i n  Figure 1, the  growth r a t e  of corn p l a n t s ,  a s  - 
measured by inc rease  i n  he ight ,  was slowed down due t o  p l a n t  s t r e s s  

induced by a s o i l  ma t r i c  p o t e n t i a l  of 1 b a r .  This was equiva len t  t o  

a  t o t a l  s o i l  water p o t e n t i a l  of 3 b a r s .  The genera l  downward t rend  

became more pronounced with time, a l though undergoing t r a n s i e n t  

r e v e r s a l s  fol lowing i r r i g a t i o n s .  

Although i n t e r p r e t a t i o n  of t he  r e s u l t s  i s  complicated by 

i n t e r v a l s  of cloudy weather, i t  appears t h a t  both growth and 

t r a n s p i r a t i o n  were a f f e c t e d  s imultaneously by a  s o i l  water d e f i c i t .  

However, growth was more responsive than  t r a n s p i r a t i o n ,  undergoing 

wider f l u c t u a t i o n s  due t o  changing s t r e s s .  A t  t h e  end of t h e  ex- 

periment both  processes  were depressed more than 50% due t o  the  dry  

t rea tment .  
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Such a  dep re s s ion  of t r a n s p i r a t i o n  was due p a r t l y  t o  s t u n t i n g ,  

s i n c e  t h e  f i n a l  l e a f  a r ea  of p l a n t s  on the  d ry  t rea tment  was 19% 

below t h a t  of the  c o n t r o l .  That p l a n t  s t u n t i n g  was n o t  t h e  only 

f a c t o r  r e spons ib l e  f o r  depressed t r a n s p i r a t i o n  i s  shown by Figure 2 .  

The 23% t r a n s p i r a t i o n  r educ t ion  i n  t he  dry  t rea tment  occurred even 

on an equa l  l e a f  a r e a  b a s i s ,  l ead ing  one t o  imp l i ca t e  s tomata l  

c l o s u r e  a s  t h e  mechanism f o r  reduced water  l o s s .  Apparently 

s tomata l  c l o s u r e  was n o t  s u f f i c i e n t  t o  nega te  t h e  powerful i n f luence  

of  s o l a r  r a d i a t i o n  on t r a n s p i r a t i o n ,  s i n c e  t h e r e  was no s ign i . f i can t  

d i f f e r e n c e  between t h e  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  the  wet and d ry  

t rea tments  i n  t h e  r e g r e s s i o n  of  t r a n s p i r a t i o n  on i r r a d i a n c e  

(0.94 vs .  0.86 r e s p e c t i v e l y ) .  This  probably would n o t  be  t r u e  i f  a  

g r e a t e r  s o i l  water  d e f i c i t  had been allowed t o  develop.  

On t h e  d ry  t rea tment  corn made l e s s  e f f i c i e n t  u se  of water than  

on the  wet one (Table 2 ) .  The t r a n s p i r a t i o n  r a t i o  f o r  p l a n t s  w i t h  

f r e e l y  a v a i l a b l e  water ,  134, i s  q u i t e  low, and i n  e x c e l l e n t  agree-  

ment wi th  t h e  va lue  (136) ob ta ined  i n  a  previous greenhouse 

experiment c a r r i e d  ou t  under q u i t e  comparable cond i t i ons .  A s o i l  

water  de f i c i ency  encompassing only  10  dry ing  cyc l e s  i n  which 

qM = 1 ba r ,  g e n e r a l l y  f o r  on ly  a  s h o r t  time a t  each cyc le ,  never the-  

l e s s  depressed t h e  d r y  weight ga in  by 50%. However, t r a n s p i r a t i o n  

was reduced only 40%; hence - t h e  h ighe r  t r a n s p i r a t i o n  r a t i o ,  161. 

S ince  dry  weight gain,  a  func t ion  of  photosynthes i s ,  was 

reduced more than t r a n s p i r a t i o n ,  i t  appears  t h a t  s tomata l  c l o s u r e  

was n o t  t h e  only means by which d ry  s o i l  reduced water  use  e f f i -  

c iency.  Photosynthes i s  may have been reduced no t  on ly  by decreased 

abso rp t ion  of carbon d iox ide  through p a r t i a l l y  c losed  s tomates ,  b u t  

a l s o  by protoplasmic dehydra t ion  occu r r ing  even wi th  open s tomates .  

Agave. P l a n t s  on t h e  dry  t rea tment  g radua l ly  dcple ted  t he  

a v a i l a b l e  s o i l  water ,  and t r a n s p i r e d  p rog re s s ive ly  l e s s  than thosc 

on the  wet t rea tment ,  a l though s t a r t i n g  a t  a s l i g h t l y  h ighe r  r a t e  

(F igure  3 ) .  By e a r l y  March a11 a v a i l a b l e  s o i l  water had been 
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deple ted ;  y e t  r e l a t i v e  t r a n s p i r a t i o n  a t  t h a t  time had f a l l e n  only t o  

0.29. The p l a n t s  maintained a  slow t r a n s p i r a t i o n  r a t e  f o r  s e v e r a l  

more weeks, t he  r e l a t i v e  r a t e  f i n a l l y  f a l l i n g  t o  i t s  minimum of 

0.03. The abso lu t e  r a t e  a t  t h i s  time was 3-5 g /p lan t /day .  The 

vapor b a r r i e r  over t h e  s o i l  s u r f a c e  was considered s u f f i c i e n t l y  good 

t o  e l imina te  evapora t ion  a s  a  component of t he  weight l o s s ,  bu t  t h i s  

cannot b e  c e r t i f i e d ,  i n  view of such small  l o s se s  and a  weighing 

p rec i s ion  of 5 1 gram. 

A t  t h i s  time the  p l a n t s  on t h e  dry  t reatment  had l o s t  a  t o t a l  

weight of 1568, 1523, and 1513 g  r e spec t ive ly ,  f o r  a  mean weight 

l o s s  of 1535 g.  I f  t h i s  i s  considered t o  r ep re sen t  the  amount of 

t r a n s p i r a t i o n ,  i t  exceeds t h e  a v a i l a b l e  water i n  t h e  s o i l  by 417 g ,  

provided the  15-bar s o i l  ma t r i c  p o t e n t i a l  va lue  i s  used a s  the  lower 

l i m i t  of a v a i l a b l e  water .  Even i f  t he  200-bar va lue  i s  assumed t o  

r ep re sen t  a  more r e a l i s t i c  lower l i m i t ,  t h i s  would provide only 

182 g  more water t o  t h e  p l a n t .  The conclusion i s  reached t h a t  a t  

l e a s t  235 g  of water  was removed from the  p l a n t ' s  own t i s s u e s .  

On 21 A p r i l  t h e  t h r e e  pots  of t he  dry  t rea tment  were i r r i g a t e d  

t o  t he  pot  capac i ty  va lue  (@ = 0.02-0.04 b a r )  and then were put  on 
M 

another  drying cyc le  l a s t i n g  u n t i l  ha rves t  i n  e a r l y  J u l y .  The 

remarkable recovery i s  shown i n  Figure 3, where r e l a t i v e  t r a n s p i r a -  

t i o n  r i s e s  r a p i d l y  from 0.05 t o  0.84 i n  t h r e e  days. A va lue  of 1 .0  

was no t  achieved presumably because of t he  s t u n t i n g  t h a t  occurred 

dur ing  the  f i r s t  d ry ing  cyc le .  However, s u f f i c i e n t  growth had taken 

p l ace  even i n  t h e  dry t rea tment  f o r  t he  abso lu t e  r a t e  t o  be  

69 g /p lan t /day  a f t e r  t h e  drought-breaking i r r i g a t i o n ,  a s  compared t o  

45 g /p lan t /day  a t  t h e  s t a r t  of t he  f i r s t  drying cyc le .  

A t  ha rves t  t h r e e  f u l l - l e n g t h  core  samples from each pot  were 

taken from the  s o i l  of t he  dry  t reatment ,  composited, and measured 

f o r  t he  equi l ibr ium r e l a t i v e  humidity (R.H. )  wi th  an Aminco wide- 

range hygrometer. From the  measured R . H .  va lues  @ was ca l cu la t ed .  T 
The same type of measurements was made with the  agave leaves ,  too,  
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but without success, due to sensor insensitivity in the high rangc 

of R.H. 

Determination of the gravimetric water content of the soil at 

harvest permitted an alternate measurement of @ by later calibra- T' 
tion of known low soil water contents against R.H. as measured with 

the hygrometer. This calibration procedure extended the soil water 

characteristic curve from the 15-bar value obtained on the pressure 

membrane to 887 bars, the value for air-dry soil. Use of this ex- 

tended curve established that @ at harvest, when relative T 
transpiration had remained rather steady at 0.03 was as follows: 

102, 128, and 182 bars for the three dry soil treatments. Even in 

the case of the pot having the lowest qT, 102 bars, the additional 
water extracted from the soil amounted to 138 g beyond the con- 

ventional wilting point value. However, calculations show that 

this total available water still lacked 267 g of balancing the total 

cumulative loss. Presumably the difference came from the plant's 

own tissues. As confirmation of this hypothesis, the percentage 

water, on a fresh weight basis, was as follows: leaves, wet treat- 

ment 84-87; dry treatment, 74-77; roots, wet, 81-83; dry, 35-37. 

The transpiration ratio was almost identical for the agaves, 

regardless of treatment, 114 for the wet vs. 116 for the dry (Table 

3). The reason is that both transpiration and dry weight gain were 

reduced 54% by the extended period of soil water depletion. This is 

in contrast to the results for corn. 

S W R Y  AND CONCLUSIONS : 

A greenhouse experiment verified previous results: (1) With 

freely available soil water the transpiration ratio (TR) for corn 

was low, 136 vs. 134 in two experiments,(Z) The TR for agave was 

even lower, 70 and 114, respectively. The second part of the most 

recent experiment extended these data to determining the effect of 

a dry treatment on TR. Soil water depletion reduced water use 

efficiency in corn (raised TR from 134 to 161) but caused no change 
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i n  agave. The dry  t rea tment  f o r  corn cons is ted  of 10 cyc les  of s o i l  

water s t r e s s  wherein @ reached 1 b a r  (@ 3 b a r s )  be fo re  r e i r r i g a -  
I4 T 

t i o n  r e s to red  low s t r e s s  cond i t i ons  (@ = 0.02-0.04 b a r ) .  For agave 
M 

t he  dry t rea tment  l a s t e d  f o r  5  months, except f o r  one drought- 

r e l i e v i n g  i r r i g a t i o n  near  t h e  middle of t he  period.  
f 

Gradual s o i l  water  d e p l e t i o n  occurred u n t i l  ?/fT reached 100 

ba r s ,  a t  which time the  r e l a t i v e  t r a n s p i r a t i o n  (dry t reatment  a s  a  

f r a c t i o n  of t h e  wet t rea tment )  sank t o  i t s  minimum of 0.03. Exten- 

s i o n  of t he  s o i l  water  c h a r a c t e r i s t i c  curve a l l  t he  way t o  t he  a i r -  

d ry  value,  887 bars ,  enabled the  s o i l  water conten t  i n  t h e  agave 

po t s  i n  t h e  dehydrated s t a t e  t o  be  converted i n t o  equ iva l en t  @ 
T 

values .  These d a t a  showed t h a t  i n  add i t i on  t o  e x t r a c t i n g  water t o  
f 

a po in t  a t  which $ = 100 ba r s ,  agave p l a n t s  p a r t i a l l y  dehydrated 

t h e i r  own t i s s u e s  a s  they adapted t o  and survived t h e  long drought.  

The r ap id  recovery from t h e  dehydrated condi t ion  was demonstrated 

by an inc rease  i n  r e l a t i v e  t r a n s p i r a t i o n  from 0.05 immediately 

be fo re  i r r i g a t i o n  t o  0.84 i n  t h r e e  days.  

Since t h e  dry  t rea tment  reduced the  dry  weight ga in  of corn 

more than  t r a n s p i r a t i o n ,  it appears t h a t  a  so i l - induced  t i s s u e  de- 

hydra t ion  may impair photosynthes is  n o t  only by p a r t l y  c lo s ing  

stomates and thus  reducing t h e  supply of carbon dioxide,  b u t  a l s o  

by d e s i c c a t i n g  t h e  photosynthe t ic  apparatus  o r  a s soc i a t ed  t i s s u e s .  
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PART 111. PLANT RESPONSE TO SOIL WATER DEPLETION UNDER A CONSTANT 

EVAPORATIVE DEMAND 

INTRODUCTION: The 1967 Annual Report describes in detail a standard 

procedure developed for studying the mechanism of transpiration 

control under carefully regulated environmental conditions. The 

hypothesis underlying the research is that there are ecologically 

important species differences in a plant's ability to limit 

transpiration losses, and that an understanding of these differences 

may lead to a greater water use efficiency than now exists in the 

important agronomic crops. The 1967 report gave results for the 

bean plant; the present report deals with a similar experiment 

carried out with the lemon plant. 

PROCEDURE: The standard technique was utilized. Briefly, it con- 

sists of growing the plant in the greenhouse in a 2-Q pot of 

standard soil mixture to a stage at which there is adequate leaf 

area to sustain a high transpiration rate, and at which root permea- 

tion of the substrate is thorough. The plant is taken to a 

controlled environment room, irrigated to "pot capacity," equili- 

brated overnight, then subjected to gradual illumination, and 

permitted to deplete the available soil water by continued 

transpiration until a deficiency begins to activate stomatal closure. 

Various sensors are used to monitor the plant's drought responses. 

One long day of such a test essentially duplicates a field 

experiment requiring three or four weeks. Environmental factors 

held steady are light, air temperature, humidity and carbon dioxide 

content, and wind speed. 

The two experimental plants had five and eight branches, 

respectively, five of which were monitored on each plant. Five 

leaves, one from each branch, had thermocouples ins called in the 

leaf midrib; the leaves were about 40 cm up from the pot lid, near 

the top of the plant, where illumination was 90 kilolux, (well over 

the saturation value for stomatal opening). Leaf temperature was 
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recorded on a 16-point recorder every eight minutes. The tempcra- 

ture oC one of the five leaves from each plant was duplicated on 

dnother recorder, which gave alternate 1-minute readings that could 

be followed visually on a strip chart. On the plant in soil the 

same Eive leaves having thermocouples also were monitored periodi- 

cally for leaf resistance (RL) readings by means of a meter. Each 

plant was on a balance; half-hourly weight loss determinations gave 

the transpiration rate, the soil or water surface being covered to 
0 

minimize evaporation. Air temperature was controlled at 30 2 0.3 C, 

vapor pressure 15 5 0.2 mb, carbon dioxide level of the air 350 f 
- 1 10 ppm, irradiance 1.04 - + 0.01 ly min . The measurements were 

continued until the transpiration rate of the plant in soil was 

reduced by 50% of the initial rate in well watered soil. A mercury 

manometer tensiometer installed 1 cm off the bottom of the pot 

permitted periodic readings of the rise in soil matric potential 

(Q) as soil water depletion progressed. 

RESULTS AND DISCUSSION: 

Transpiration. The plant in nutrient solution was the 

reference plant for comparing the rise in leaf temperature under 

two contrasting conditions, one in which water always was freely 

available, and one in which prolonged transpiration depleted the 

available soil water. The hypothesis was that transpiration of the 

plant in nutrient solution would continue at the potential rate in- 

definitely, and with no increase in leaf temperature. On the other 

hand, it was expected that as the plant in soil depleted the avail- 

able water, leaf temperature would rise at the same time that 

transpiration declined. In order for this hypothesis to be valid, 

however, both plants should not be exposed to abrupt changes in 

illumination. Since the mercury vapor lamps were turned on gradu- 

ally over the period from 0500 to 0800, the plants were exposed to 

the increased light level in about the same manner as in nature. As 

shown in Figure 4, however, apparently not all the stomates were 
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open u n t i l  0900, a t  which time the  p o t e n t i a l  r a t e  of water l o s s  was 

f i r s t  a t t a i n e d .  This  r a t e  did l a s t  f o r  many hours,  a s  hypothesized.  

A t  1330, however, a r a t e  about 5% lower s e t  i n ,  without  any change 

i n  the  a e r i a l  environment. From 1500 on a  f u r t h e r  s l i g h t  d e c l i n e  

ensued. V e r i f i c a t i o n  of t h i s  i s  given by t h e  l ea f  temperature (T ) 
L 

of t he  p l a n t  i n  n u t r i e n t  s o l u t i o n  (Figure 7A). From 1345 t o  1445 

T ro se  one degree from t h e  r a t h e r  s t a b l e  va lue  of 35 C t h a t  had 
L 

preva i led  during the  previous f i v e  hours .  I t  i s  p o s s i b l e  t h a t  t he  

s teady  r i s e  i n  t h e  temperature of t he  n u t r i e n t  s o l u t i o n  (T ) might 
S 

have impaired water  absorp t ion ,  s i n c e  T  r o s e  from 3 1  C a t  0820 t o  
S 

35 C a t  1330. However, i t  i s  r a t h e r  u n l i k e l y  t h a t  35 C i s  h igh  

enough t o  a f f e c t  water  absorp t ion  of c i t r u s  r o o t s  s i g n i f i c a n t l y .  It 

may be t h a t  an autonomic rhythm i n  s tomata l  ape ra tu re  was respons i -  

b l e  f o r  t h e  change. I f  s tomata l  a p e r t u r e  tends t o  narrow i n  e a r l y  

af ternoon,  t h e  consequent l e s s e r  evapora t ive  demand i n  t h e  presence 

of a  high r a d i a n t  load would cause a  r i s e  i n  T  
L ' 

The p l a n t  i n  s o i l  s t a r t e d  t o  t r a n s p i r e  a t  t h e  p o t e n t i a l  r a t e  a t  

0730, one-half hour be fo re  t h e r e  was f u l l  i l l umina t ion .  This i s  

confirmation of t h e  s ta tement  made e a r l i e r ,  t h a t  t h e  l i g h t  l e v e l  of 

t h i s  experiment (90 t o  104 k i l o l u x ,  depending on t h e  amount of 

shading by o t h e r  leaves)  was more than the  s a t u r a t i o n  va lue  f o r  

s tomata l  opening. The p o t e n t i a l  r a t e  continued f o r  t h r e e  hours,  

a f t e r  which the  f i r s t  i n d i c a t i o n  of p l a n t  c o n t r o l  of water l o s s  was 

evident  (Figure 5 ) ,  a s  shown by the  dev ia t ion  of t h e  a c t u a l  r a t e  

from the  s t r a i g h t  l i n e  course followed e a r l i e r .  A t  1030 % had r i s e n  

only t o  t he  low va lue  of 148 mb. However, i t  should be kep t  - in  

mind t h a t  t he  evapora t ive  demand was high, and t h a t  a l l  of t he  r o o t s  

were contained i n  a  r a t h e r  smal l  volume. The p o t e n t i a l  r a t e  f o r  t h e  

p l a n t  i n  s o i l ,  49 g/hour,  was no t  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  

of the  p l a n t  i n  n u t r i e n t  s o l u t i o n ,  when compared on a  l ea f  a r ea  

b a s i s  (236 vs .  231 g/mL/hr, r e spec t ive ly ) ,  thus  v e r i f y i n g  the  s t a t e -  

ment t h a t  a  s o i l  a t  a  high water p o t e n t i a l  (wel l  watered) can supply 
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water fully as well as a water culture. 

At 1400, when transpiration had declined 50% due to soil water 

depletion, had climbed to 319 mb, a value equivalent to s total 

soil water potential of 1.4 bars. 

Reirrigation at 1400 threw the plant into a cyclic behavior, in 

which the stomates opened and closed with a vigor not usually 

apparent. These oscillations continued for many hours, fina1l.y 

being brought to a halt when the lights were turned off. As shown 

in Figure 6, the rate during this period was only 45% of the 

potential rate, even though enough water had been added at 1400 to 

restore the soil water content to the value at the start of the ex- 

periment (WM = 40 mb). This was due to the very complete stomatal 

closure during approximately one-half the time of cycling. 

Leaf Temperature. The slight rise in T of the plant in L 
nutrient solution has already been mentioned. Although this was 

unexpected, it still was small in comparison to the 4-degree rise 

occurring in the plant in soil. Significantly, most of the rise in 

T of the soil-grown plant took place after 1030, the time at which 
L 
transpiration first began to decline below the potential rate. The 

rise in T is interpreted as an indirect consequence of partial L 
stomatal closure, where lesser evaporative flux from the stomates 

dissipates less of the constant heat load, and thus leads to a rise 

in T Soil temperature rose 5.5 degrees over the whole period, 
L ' 

despite heavy insulation around the pot. This was unfortunate, but 

probably does not constitute sufficient interference to invalidate 

the above results and conclusions. When the lights were turned off, 

T of both plants rapidly plunged to 1.ower levels? rhus demonstrat- 
1, 

ing the overwhelming importance of radiant load on T (Figure 7 B ) .  L 
Leaf Resistance. RL readings were not taken until just after 

the plant had begun to limit transpiration. Therefore, the value, 

3 sec/cm, may be somewhat higher than could be expected as a 

reference for evaluating subsequent closure. Nevertheless, RL 
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i.ncreased from 3 t o  8 sec/cm over t he  period i n  which t r a n s p i r a t i o n  

f e l l  t o  one-half t he  p o t e n t i a l  r a t e  (Figure 8 ) .  This  response oh- 

j e c t i v e l y  eva lua t e s  s tomata l  c lo su re  due t o  leaf  dehydrat ion a s  s o i l  

water became more l i m i t i n g ,  and covers  a  range of R readings almost 
L 

i d e n t i c a l  with t h e  amplitude found e a r l i e r  with t h e  bean p l a n t  sub- 

jec ted  t o  t h e  same percentage decrease  i n  p o t e n t i a l  t r a n s p i r a t i o n .  

La ter ,  dur ing  t h e  most v i o l e n t  of t he  prolonged c y c l i c  behavior  

induced by i r r i g a t i o n ,  t h r e e  s e p a r a t e  measurements were taken RL 
which show much more pronounced opening a s  we l l  a s  c lo s ing  than dur-  

ing  non-cycl ic  responses.  

SUMMARY AND CONCLUSIONS : 

I f  t h e r e  i s  a  c i r c a d i a n  rhythm i n  s tomata l  ape r tu re ,  a s  seems 

t o  be ind ica t ed  by t h e  d a t a  from the  p l a n t  i n  n u t r i e n t  s o l u t i o n ,  

i n t e r p r e t a t i o n  of t h e  e f f e c t  of a  lack  of a v a i l a b l e  water i s  made 

more d i f f i c u l t .  Nevertheless ,  t h e  r e s u l t s  wi th  lemon gene ra l ly  con- 

f i rm those  from t h e  e a r l i e r  experiment wi th  bean: Under a  high 

evapora t ive  demand only a  smal l  r i s e  i n  t he  t o t a l  s o i l  water 

p o t e n t i a l  ( t h e  term being used without  t he  nega t ive  s ign )  @ can T' 
cause l ea f  t i s s u e s  t o  dehydrate  s u f f i c i e n t l y  t o  i n i t i a t e  s tomatal  

c lo su re .  For bo th  spec i e s  @ was only about 1 ba r  when l e a f  r e s i s t -  
T 

ance (RL) s t a r t e d  t o  r i s e  above the  3 sec/cm va lue  p r e v a i l i n g  while  

t h e  p l a n t  s t i l l  was t r a n s p i r i n g  a t  i t s  p o t e n t i a l  r a t e .  A mere 

inc rease  i n  '$ from 1.0 t o  1.1 b a r  (bean) o r  1 .4  ba r  (lemon) r e s u l t -  
T 

ed i n  a  50% decrease  i n  t he  t r a n s p i r a t i o n  r a t e  a s  I$, r o s e  t o  around 

8 sec/cm. It i s  s i g n i f i c a n t  t h a t  t he  s o i l  osmotic p o t e n t i a l ,  o f t e n  
+, neglec ted  i n  "non-saline" s o i l s ,  accounted f o r  70 /. of $, y e t  t he  

conduct iv i ty  of t he  s a t u r a t i o n  e x t r a c t  was only 1 . 2  millimhos/cm i n  

these  experiments.  I n  o t h e r  words, t he  osmotic p o t e n t i a l  was too 

important t o  neg lec t ,  even i n  a  non-sa l ine  s o i l .  

An important  spec i e s  d i f f e r e n c e  brought ou t  i n  t h i s  study i s  

t h a t  the  lemon p l a n t ,  i n  s p i t e  of exposure t o  a  r a d i a n t  l e v e l  almost 

double t h a t  given t h e  bean p l a n t  (1.04 v s ,  0.55 ly /min) ,  and 
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consequently having an i n i t i a l  l ea f  temperature 5 degrees r a t h e r  than 

2 degrees above a i r  temperature,  t ranspi red  a t  only about ha l f  t he  
2 

r a t e  (236 vs .  450 g/m / h r ) .  This  i s  due t o  t h e  almost complete lack 

of func t iona l  stomates on t h e  upper epidermis of lemon, and the  

r e s u l t i n g  very h igh  % values ,  r ega rd l e s s  of t h e  i l l umina t ion  l e v e l .  

Such behavior  has obvious imp l i ca t ions  f o r  water conserva t ion  by 

crops.  

PERSONNEL: W. L. Ehr l e r  

CURRENT TERMINATION DATE: December 1970 
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Table  1. Monthly aniounts of  wa te r  r e c e i v e d  by t h e  two agave p l o t s  

a t  G r a n i t e  ReeL r'rorn 09 O c t  1968 t o  10 Oct 1969, i n  

m i l l i m e t e r s  

B Month By i r r i g a t i o n  By r a i n f a l l  T o t a l  

O c t  

Nov 

Dec 

Jan 

Feb 

Mar 

APr 

May 

Jun  

Ju 1 

Aug 

S ~ P  
- -- 

Y e a r l y  T o t a l  435 251.3 
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Table 2. The transpiration ratio of corn as affected by soil 

moisture. 

Pot Water Dry Wt. Transp. 
Treatment Loss ( G )  Gain (G) Ratio Mean - 

Wet 7 22,528 158.3 142 
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Table 3. The transpiration ratio of agave as affected by soiZ 

moisture. 

Pot 
Treatment No. 

Wet 1 

2 

3 

Dry 4 

5 

6 

Water 
Loss (G) 

Dry Wt. 
Gain (G) - 

Transp. 
Ratio Mean - 
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F E B R U A R Y  
Figure 1. Rate of growth and t r a n s p i r a t i o n  of corn p l a n t s  on a  dry  t reatment  ( s o i l  ma t r i c  

p o t e n t i a l ,  @ 0.05-1.0 ba r )  a s  a  f r a c t i o n  of t he  r e spec t i ve  values on a  wet 
M 

t rea tment  ($H 0.05-0.20 b a r ) ,  mean of t h r e e  r e p l i c a t i o n s .  
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C O R N ,  27 FEB. 1969 

0800 0900 1000 1100 1200 1300 1500 1600 

HOUR 

Figure 2. Hourly transpiration rate of mature corn plants as affected by a dry treatment and 

illumination (mean of three replications). 
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Figure  3. T r a n s p i r a t i o n  from agave p l a n t s  (mean of  t h r e e  r e p l i c a t i o n s )  on a  d r y  s o i l  treatment 
( s o i l  m a t r i c  p o t e n t i a l ,  @pi, >> 0 .2  b a r )  a s  a  f r a c t i o n  of  t h a t  from p l a n t s  on a wet 
t rea tment  ('$ 0.05-0.2 b a r ) .  On 21 A p r i l  t h e  p l a n t s  on t h e  d r y  t rea tment  were given M 
s u f f i c i e n t  water  t o  r e s t o r e  8" t o  0.05 bar ,  without  any f u r t h e r  i r r i g a t i o n s  u n t i l  h a r v e s t .  M 
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LEMON P L A N T  IN  NUTRIENT SOLUTION 

JUNE 6,1968 

T I M E  ( h o u r )  

Figure 4. Weight loss (transpiration) of a lemon plant in nutrient solution in a 

control1ed.environment. Annual Report of the U.S. Water Conservation Laboratory



L E M O N  P L A N T  I 

JUNE 6 ,  1968 

i 
/@' 

POT w ~ . ,  g rams 
- ? 

e ~ @ R Q B  SOIL WATER T E N S I O N ,  rnbl 1 
e-P~-e--9- A I 

fa- 
- 'I i l  --pi -- !--2 

Figure 5. T r a n s p i r a t i o n  (by weight l o s s )  and change i n  s o i l  water  t en s ion  a s  a  

lemon p l a n t  g r adua l l y  d e p l e t e s  t h e  s o i l  of a v a i l a b l e  wate r .  
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L E M O N  PLA I 
JUNE 6 ,  1968 
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F i g u r e  6. Lemon p l a n t  t r a n s p i r a t i o n  occu r r i ng  dur ing  pronounced c y c l i c  opening 

of s tomates .  Annual Report of the U.S. Water Conservation Laboratory



LEMON P L A N T S  
4UNE 6 ,  I968 

I T,, SOlL 1 7 TL, SOLUTION 

Ts , SOlL 

I - T i .  SOLUTION 

IRRIGATION 

Figure 7 A .  Comparative changes i n  l e a f  temperature (T L ) and s u b s t r a t e  temperature  (T S ) of 
lemon p l a n t s  i n  n u t r i e n t  s o l u t i o n  and s o i l ,  occur r ing  i n  a  c o n t r o l l e d  environment. 
The p l a n t  i n  s o i l  was g r adua l ly  d e p l e t i n g  the  a v a i l a b l e  water ,  whereas t h e  one 
i n  n u t r i e n t  s o l u t i o n  always had f r e e l y  a v a i l a b l e  water .  
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LEMON PLANTS 
JUNE 6,1968 

TS,  S O I L  1 T s v  S O L G T ! O N  

T IME ( h o u r )  

Figure  7B.  Same legend a s  f o r  F igure  4 A .  In  a d d i t i o n ,  t h i s  demons t ra tes  t h e  a b r u p t  e f f e c t  

t h a t  i n s t a n t a n e o u s  removal of a h i g h  r a d i a n t  load (ly/min) h a s  on l e a f  

t empera tu re  of p l a n t s ,  whether they  a r e  i n  s o i l  o r  n u t r i e n t  s o l u t i o n .  
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JUNE C ,  1968 
0-0 R , N O R M A L  

L I I *-@ R , C Y C L I C  
L 

10 I I 12 13 I4 15 16 17 18 19 2 0  

T I M E ,  ( h o u r )  

Figure 8.  Response of l e a f  d i f f u s i o n  r e s i s t a n c e  (2) of a  lemon p l a n t  i n  s o i l  being 

g radua l ly  deple ted  of a v a i l a b l e  water,  and l a t e r ,  when adequate s o i l  water 

i s  presen t ,  b u t  when c y c l i c  s tomata1 opening i s  occur r ing .  
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TTrTI;I;: : TRRLGATLON OUTLET STRIJCTURE 1'0 D IS  'I'IIIEIYi'I2 

WATER ONTO EROSIVE SOILS. 

CRIS WORKUNIT: SWC-019-gG-3 CODE NO, :  Ark.-WCL 66-2 

INTRODUCTION : 

For need oE s t u d y ,  s e e  Annual Repor t ,  1966. 

OBJECTIVES : 

1. To o b t a i n  d e s i g n  c r i t e r i a  f o r  low-cost  i r r i g a t i o n  o u t -  

l e t s  t h a t  w i l l  d i s t r i b u t e  l a r g e  s t reams  o f  wa te r  wi thou t  e x c e s s i v e  

e r o s i o n ,  

PROCEDURE : 

Tine major  a c t i v i t y  on t h i s  p r o j e c t  h a s  been t o  c o n s t r u c t  

o u t l e t s  a t  farm s i t e s  where e r o s i o n  problems e x i s t ,  o b s e r v e  t h e i r  

o p e r a t i o n ,  de te rmine  t h e i r  weaknesses,  t h e n  r e p a i r  o r  r e c o n s t r u c t  

them and c o n t i n u e  t o  observe .  About 30 s t r u c t u r e s  remained a f t e r  

t h e  1968 growing season .  S e v e r a l  of t h e s e  were  r e p a i r e d  and o t h e r s  

were r e p l a c e d ,  The 55-2 a s p h a l t  s t r u c t u r e s  on t h e  Spencer and 

Spencer Ranch were r e b u i l t  and covered w i t h  a  c l a y  emuls ion.  

A new f i g u r a t i o n  f o r  t h e  l i p  p a r t  o f  t h e  box, r esembl ing  a  

f a n ,  was b u i l t  on t h e  Taubman and Parker  Ranch, S e v e r a l  new 

s t r u c t u r e s  were  made on t h i s  r anch  by c o n s t r u c t i n g  t h e  d i s s i p a t o r  

boxes i n  t h e  f i e l d  w i t h  our  p o r t a b l e  forms des igned  f o r  t h i s  purpose ,  

It i s  e s t i m a t e d  t h a t  two boxes p e r  hour  can be  b u i l t  w i t h  two forms, 

Two o f  t h e  s t r u c t u r e s  made on t h e  Taubman and Parker  Ranch were 

a t t a c h e d  t o  12- inch t i l e  from a h i g h  r a i l r o a d  f i l l  i n  such a  way as 

t o  be models f o r  f u t u r e  c o n s t r u c t i o n  on a con t inuous  %-mile d i t c h ,  

T i l e  and f i e l d  e l e v a t i o n s  were  provided by t h e i r  f i e l d  goreman. 

S e v e r a l  changes were  made i n  t h e  p o r t a b l e  forms t o  make them b e t t e r  

adap ted  t o  f i e l d  u s e ,  They were a l s o  p a i n t e d ,  i n  o r d e r  t o  a l l o w  

e a s i e r  e x t r a c t i o n  of t h e  i n n e r  form and a  d e c r e a s e  i.n t h e  a m o ~ i n t  

of l a b o r  n e c e s s a r y  t o  o i l  them. 
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SLPP.PLA1U AND CONCLUSIONS : 

S t r u c t u r e  i n s p e c t i o n s  t h i s  y e a r  complement l a s t  y e a r ' s  

r e s u l t s ,  showing t h a t  a s q u a r e  d i s s i p a t o r  box, when p r o p e r l y  

a t t a c h e d  w i t h  a p p r o p r i a t e  components, w i l l  d i s c h a r g e  a non- 

e r o s i v e  s t r e a m  of wa te r .  

The f a i l u r e s  observed were n o t  due t o  f a u l t y  d e s i g n ,  b u t  

t o  breakage by machinery and c r a c k i n g  caused by bermuda g r a s s .  

I n  a few i n s t a n c e s ,  a t h i c k e r  c o n c r e t e  s t r u c t u r e  would have 

prevented t h e  need f o r  r e p a i r s .  

The u s e  o f  f i b e r  g l a s s ,  SS-2 and c l a y  emulsion h a s  n o t  

proved s u c c e s s f u l  s o  f a r .  On t h e  Spencer and Spencer Ranch, 

t h e  weed problem caused t h e  f a i l u r e  of bo th  SS-2 and c l a y  

emulsion,  Using a permanent weed k i l l e r  probably  would have 

e l i m i n a t e d  t h i s  problem, The m a t e r i a l  does  n o t  have g r e a t  

s t r e n g t h ,  and can be  d e s t r o y e d  i f  a n  i r r i g a t o r  o r  animal  shou ld  

s t e p  on t h e  back o r  s h o u l d e r ,  A f a i l u r e  such a s  t h i s  happened 

a t  t h e  Taubman and Parker  Ranch, These m a t e r i a l s  w i l l  a g a i n  be 

t e s t e d  i n  new s t r u c t u r e s ,  b u t  weeds w i l l  b e  e l i m i n a t e d  Eirst, 

We may a p p l y  two c o a t s  o f  c l a y  emulsion w i t h  f i b e r - g l a s s  

r e i n f o r c e m e n t ,  o r  pe rhaps  t r y  some l e s s  c o s t l y  t y p e  o f  r e i n f o r c e -  

ment. S i n c e  we now h a v e  a new modeling t ank  a t  t h e  l a b o r a t o r y ,  

s e v e r a l  d i f f e r e n t  f i g u r a t i o n s  w i l l  be t e s t e d ,  

PERSONNEL: 2. J. E r i e  and J .  A .  Replogle ,  

CURRENT TERMINATION DATE: December 1970.  
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'r K T  1,E : FLOW PEASUREMENT IN OPEN CHANNELS WITH CRlTLChL 

DEPTH FLUMES 

CRTS W3RK UNIT : SWC-019-gG-3 CODE N O . :  Ariz.-WCL 67-1 

INTRODUCTION : 

P r e v i o u s  r e p o r t s  ( s e e  Annual Repor t s  f o r  1966-1968) sun- 

mar ized  t h e  r e s u l t s  of s t u d i e s  on s e v e r a l  c r i t i c a l - d e p t h  flumes 

w i t h  t h r o a t  s e c t i o n s  t h a t  were t r a p e z o i d a l ,  t r i a n g u l a r  o r  c i r c u l a r .  

The t e c h n i c a l  paper  t i t l e d  "Flow Measurement w i t h  Cr i t i ca l -Depth  

~ l u m e s "  w a s  p r e s e n t e d  b e f o r e  t h e  V I I  Congress of t h e  I n t e r n a t i o n a l  

Commission on I r r i g a t i o n  and Drainage,  Mexico C i t y ,  A p r i l ,  1969. 

The r e p o r t  p r e s e n t s  t h e  t h e o r e t i c a l  a s p e c t s  f o r  p r e d i c t i n g  t h e  

c a l i b r a t i o n  r e s u l t s  f o r  f lumes and summarizes t h e  e f f e c t s  o f  i n -  

s t a l l a t i o n  anomolies .  These i n c l u d e  e f f e c t s  o f  t o r s i o n a l  t w i s t  of  

t h e  f lume, d e f l e c t i o n  of t h e  s i d e s ,  e l e v a t i n g  o r  lowering t h e  ou t -  

l e t  end ,  s e d i m e n t a t i o n  i n  t h e  flume, approach c o n d i t i o n s ,  t h e  

removal o r  a d d i t i o n  of d i v e r g i n g  s e c t i o n s  a t  t h e  o u t l e t ,  and sub- 

mergence. 

S e v e r a l  f lumes have been des igned  f o r  o t h e r  a g e n c i e s  and 

two more s i z e s  b u i l t ,  but  on ly  one h a s  been c a l i b r a t e d ,  a rec-  

t a n g u l a r  f lume d e s c r i b e d  i n  Tab le  1. 

PROCEDURE : 

Tile l a b o r a t o r y  c a l i b r a t i o n  was accomplisned a s  p r e v i o u s l y  

d e s c r i b e d  u s i n g  a weighing system t o  de te rmine  d i s c h a r g e  r a t e .  

Head i n  t h e  flumes was r e f e r e n c e d  t o  t h e  bottom of t h e  o u t l e t  

end o f  t h e  t h r o a t  s e c t i o n ,  b u t  measured i n  t h e  approach s e c t i o n  

of t h e  flume w i t n  a  p o i n t  gage mounted i n  t h e  s t i l l i n g  w e l l .  

The computer s t u d y  tes t e d  s e v e r a l  concep t s  t h a t  migilt s e r v e  

t o  e x p l a i n  t h e  b e h a v i o r  o f  t h e  f lumes . The most l o g i c a l  of 

t h e s e  i s  d e s c r i b e d  below. 
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1USULTS AN11 DlSCUSSION : 

l'he c o u ~ p u t a t i o n  of t h e  c a l i b r a t i o n  e q u a t i o n  f o r  f l u n l c ~  is 

ussed on energy concep t s  us ing  i d e a l i z e d  f low.  I t  is  r e a d i l y  

recognized  t h a t  r e a l  f l u i d s  can b e  expec ted  t o  d e v i a t e  from t h e  

i d e a l i z e d  flow b e h a v i o r .  Tne manner i n  which trley d e v i a t e  can- 

n o t  be e a s i l y  measured i n  such  a  way a s  t o  e l i m i n a t e  a l l  doubt 

abou t  t h e  p r o c e s s  i n v o l v e d .  For example, s m a l l  c o r r e c t i o n s  

must be  made f o r  t h e  v e l o c i t y  d i s t r i b u t i o n  i n  both  t h e  approach 

s e c t i o n  and t h e  t h r o a t  s e c t i o n .  Although t h e  e x a c t  magnitudes 

o f  t h e  v e l o c i t y  d i s t r i b u t i o n  c o e f f i c i e n t s  a r e  n o t  known, and 

even though they cou ld  b e  measured,  t h e i r  e v a l u a t i o n  is  thought  

t o  be  unimportant  s i n c e  t h e  t o t a l  c o r r e c t i o n  they can b e  expec ted  

t o  c o n t r i b u t e  i s  i n  t h e  o r d e r  o f  0.5 t o  1.0%. Thus,  t h i s  cor- 

r e c t i o n  is i n c l u d e d  us ing  e s t i m a t e d  v a l u e s  approximated from 

o t h e r  works . 
Tile f r i c t i o n  l o s s ,  on t h e  o t h e r  nand, i s  d i f f i c u l t  t o  measure 

a c c u r a t e l y  enough t o  a b s o l u t e l y  d e f i n e  i t s  c h a r a c t e r i s t i c s ,  even  

though t h e  p o s s i b l e  c o r r e c t i o n  i t  can c o n t r i b u t e  might  b e  s e v e r a l  

p e r c e n t .  Thus,  a  t r i a l  and e r r o r  s t u d y  of p o s s i b l e  f r i c t i o n - l o s s  

mathemat ica l  models was conducted t o  a t t e m p t  a  u n i v e r s a l  c o r r e l a -  

t i o n  of a l l  f lume d a t a .  

S e v e r a l  mathemat ica l  models were  c o n t r i v e d  based  on computing 

a  f r i c t i o n  l o s s  between t h e  l o c a t i o n  of t h e  c r i t i c a l  s e c t i o n  and 

t h e  p o i n t  where t h e  head i s  measured. These models f a i l e d  t o  work 

f o r  a l l  f lume shapes  and a l l  c o n s t r u c t i o n  m a t e r i a l s .  Although t h e  

concept  of an  energy l o s s  seems w e l l  founded, t h e  r e s u l t i n g  

computations based  on f r i c t i o n  f a c t o r  c h a r t s  caused t o o  much cor- 

r e c t i o n  a t  some flow dep ths  and t o o  l i t t l e  at o t h e r s .  Also,  t h e  

r e s u l t s  d i d  n o t  t r a n s f e r  w e l l  from flume shape  t o  flume shape.  

A p robab le  c o n c l u s i o n  was t h a t  t h e  energy l o s s e s  were n o t  a s  g r e a t  

a s  expec ted  and t h a t  t h e  d e c r e a s e  i n  d i s c h a r g e  was a c t u a l l y  due 

t o  some o t h e r  c h a r a c t e r i s t i c  o f  t h e  f lowing f l u i d .  A f t e r  a l l ,  

Annual Report of the U.S. Water Conservation Laboratory



even wit11 an energy l o s s ,  t h e  f l u i d  was s t i l l  e s s e n t i a l l y  assumed 

t o  b e  an i d e a l  flow w i t h  uniform v e l o c i t y  d i s t r i b u t i o n .  if 

f r i c t i o n  Loss were  t o  p r e d i c t  t h e  c o r r e c t  r e s u l t ,  i t  would ilave 

t o  be  c o r r e l a t e d  a c c u r a t e l y  w i t h  t h e  c o r r e c t  phenomenon], what- 

e v e r  i t  may b e .  

A more l i k e l y  phenomenom is  t h a t  f i r s t  s u g g e s t e d  f o r  

b road-c res ted  w e i r s  by Ippen  (3) and l a t e r  by H a r r i s o n  ( 2 ) .  For  

n e g l i g i b l e  boundary s h e a r ,  t h e  i d e a l i z e d  e q u a t i o n s  h o l d .  d i t h  

boundary s h e a r  a long  t h e  w a l l s  and bot tom,  a  boundary l a y e r  w i t h  

a  d isplacement  t h i c k n e s s  6 i s  formed t h a t  e f f e c t i v e l y  reduces  

t h e  flow a r e a  o f  t h e  opening and a l s o  changes t h e  r e f e r e n c e  e l e -  

v a t i o n  f o r  t h e  f low dep th  measurement. For purposes  of t h i s  

c a l c u l a t i o n  i t  i s  s u f f i c i e n t l y  a c c u r a t e  t o  assume t h e  v e l o c i t y  

t o  be  e q u a l  t o  t h e  c r i t i c a l  v e l o c i t y  over  t h e  e n t i r e  l e n g t h  o f  

t h e  f lume t h r o a t .  Thus, t h e  t h r o a t  w i d t h  is  reduced by 2 6 and 

t h e  head H ,  o r i g i n a l l y  r e f e r e n c e d  t o  t h e  t h r o a t  bottom is reduced 

by 6 .  I n  t h e  c a s e  o f  t h e  t r i a n g u l a r - t h r o a t e d  f lumes,  ii i s  nec- 

e s s a r i l y  reduced by t h e  mathemat ica l  e f f e c t  o f  moving t h e  

s i d e  w a l l s  t o g e t h e r  a d i s t a n c e  of 1 6 a p p l i e d  t o  each w a l l  o r  

6 i/l + Z2'/Z. I n  t r a p e z o i d a l  , t h r o a t s  t h e  w i d t h  B is s i m i l a r l y  
I 2 

t r e a t e d  by a  r e d u c t i o n  o f  26 'i!l f Z where Z is t h e  s i d e  s l o p e ,  

h o r i z o n t a l / v e r t i c a l .  

Other  energy l o s s e s  n o t  accounted f o r  i n  t h e  head r e q u i r e d  

f o r  t h e  main f low t o  "climb" o v e r  t h e  boundary l a y e r  would b e  an  

i n t e r n a l  t u r b u l e n t  l o s s .  No c l e a r  way t o  e s t i m a t e  t h i s  l o s s  i s  

a v a i l a b l e ,  b u t  i t  i s  probably  a t  l e a s t  one o r  two magnitudes 

below t h e  boundary s h e a r  l o s s e s  and is  n e g l i g i b l e .  

The e s t i m a t i o n  of boundary l a y e r  d isplacement  t h i c k n e s s  

i s  by no means a  s i m p l e  t a s k .  I t  i s  w e l l  known t h a t  s u r f a c e  

roughness a f f e c t s  t h e  r a t e  of growth of t h e  t u r b u l e n t  boundary 

l a y e r  and a l s o  a f f e c t s  t r a n s i t i o n .  I n  f a c t ,  a roughness s t r i p  i s  
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c-ominonly used t o  a s s u r e  t h e  e a r l y  advent  o f  a t u r b u l e n t  boundary 

.L aye r . 
Another problem i n v o l v e s  t h e  v i r t u a l  o r i g i n  of tlle t u r b u l e n t  

l a y e r .  ~ r a n d t l ' s  1927 s i m p l i f i c a t i o n  used t h e  l e a d i n g  edge o f  a  

f l a t  p l a t e ,  b u t  t h e  l o c a t i o n  o f  t h i s  v i r t u a l  o r i g i n  r e a l l y  de- 

pends on s e v e r a l  f a c t o r s ,  t h e  s h a r p n e s s  of t h e  l e a d i n g  edge,  t h e  

t u r b u l e n c e  of t h e  f low,  and t h e  roughness o f  t h e  p l a t e .  

I n  t h e  p r e s e n t  boundary l a y e r  concept  f o r  f lumes ,  t h e  drag 

on f l a t  s u r f a c e s  i s  n o t  a s  impor tan t  a s  t h e  displacement  th ick-  

n e s s ,  a l though  t h e  two a r e  c e r t a i n l y  r e l a t e d .  Another s i m p l i -  

f i c a t i o n  i s  t h a t  t h e  maximum 6 i n  t h e  t h r o a t  f o r  each flow r a t e  

becomes t h e  c o n t r o l l i n g  f a c t o r .  S t i l l  f u r t h e r ,  t h i s  maximum 

must occur  a t  o r  b e f o r e  t h e  a p p a r e n t  l o c a t i o n  of t h e  c r i t i c a l  

s e c t i o n  i n  t h e  flume t h r o a t .  Thus, i f  t r a n s i t i o n  o c c u r s  b e f o r e  

t h i s  l o c a t i o n ,  t h e  c o n t r o l  is governed by a t u r b u l e n t  boundary 

l a y e r ;  i f  a f t e r ,  t h e n  by a l a m i n a r  boundary l a y e r .  As s u g g e s t e d  

by P r a n d t l  ( s e e  S c h l i c h t i n g  (7 )  p  5 3 8 ) ,  t h e  t u r b u l e n t  boundary 

l a y e r  is assumed t o  behave a s  i f  i t  were  t u r b u l e n t  from t h e  

l e a d i n g  edge of a  f l a t  p l a t e  o r  more p r e c i s e l y ,  fo l lowing  

Rober tson ( 6 ) ,  from a  v i r t u a l  o r i g i n  upstream of t h e  f l a t  p l a t e .  

With enough roughness a t  t h e  j o i n t  connec t ing  t h e  t h r o a t  s e c t i o n  

of t h e  flume t o  t h e  converging s e c t i o n ,  t h e  v i r t u a l  o r i g i n  may 

be  a s  f a r  upstream a s  t h a t  measured by Klebanoff and D i e h l  (4 )  

who o b t a i n e d  Reynolds numbers, Rxo, 
based  on t h e  d i s t a n c e ,  xo,  

6  
upstream from t h e  l e a d i n g  edge of -0.66 x l o 6  t o  -3.06 x 10 . 
Other  exper iments  w i t h  rounded edges have i n d i c a t e d  v a l u e s  of 

6  
B of -0.086 x l o 6  and + 0 .5  x 10 . 

xo 
T r a n s l a t e d  i n  terms of  f lumes,  t h i s  means t h a t  t h e  v i r t u a l  

o r i g i n  can b e  upst ream s e v e r a l  f e e t  from t h e  i n l e t  o f  t h e  flume 

t h r o a t .  The o r i g i n  is  n o t  s i m p l e  o r  obvious .  A rough approxi-  

mat ion i s  t o  assume i t  t o  b e  a t  t h e  midpoint  of t h e  converging 

s e c t i o n .  
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Il'lle n e x t  p o i n t  t o  ponder is  t h e  ve ry  a c t  of t r a n s j  t i o n  i tse3.f. 

klow can an c s t i m a t e  o f  t h e  p o i n t  of t r a n s i t i o n  be  e s t a b l i s h e d  s o  

t h a t  the  c o r r e c t  t h i c k n e s s  can b e  a p p l i e d ?  Recourse h e r e  i s  t o  

t h e  concept of a d m i s s i b l e  roughness ( S c h l i c h t i n g  ( 7 )  p 557).  The 

amount of roughness  which is c o n s i d e r e d  "admiss ib le"  i n  e n g i n e e r i n g  

a p p l i c a t i o n s  i s  t h a t  maximum h e i g h t  of i n d i v i d u a l  rougness  e lements ,  

K, which causes  no  i n c r e a s e  i n  drag compared t o  a  smooth w a l l .  

The assumption i s  t h a t  t h e  boundary l a y e r  w i l l  have undergone 

t r a n s i t i o n  t o  a  t u r b u l e n t  c o n d i t i o n  i f  t h e  a d m i s s i b l e  roughness ,  

L;, computes t o  b e  l e s s  than  t h e  roughness o f  t h e  f lume t h r o a t .  The 

r e l a t i o n  i n  terms of t h r o a t - l e n g t h  Reynolds number ( t h e  t h r o a t  

l e n g t h ,  L ,  is taken  a s  t h e  p h y s i c a l  l e n g t h  o f  t h e  t h r o a t  p l u s  t h e  

d i s t a n c e  t o  t h e  v i r t u a l  

Laminar boundary l a y e r s  

s a t i s f i e d  and t u r b u l e n t  

wise .  

o r i g i n )  is  g i v e n  by 

L P,, < 100 

a r e  assumed t o  e x i s t  when t h e  r e l a t i o n  i s  

boundary l a y e r s  assumed t o  e x i s t  o t h e r -  

Cont inuing t h e  c o n j e c t u r e  a s t e p  f u r t h e r ,  i f  t h e  c r i t i c a l  

s e c t i o n  m i g r a t e s  upstream w i t h  i n c r e a s i n g  d i s c h a r g e  i n  a  flume 

w i t h  f r e e  o u t f a l l ,  t h e  l e n g t h  L would b e  reduced and t h e  i n c r e a s e  

o f  t h e  boundary l a y e r  beyond t h i s  p o i n t  probably  h a s  l i t t l e  e f f e c t  

on d i s c h a r g e .  However, i t  i s  l i k e l y  t h a t  t h e  v i r t u a l  o r i g i n  a l s o  

moves upstream keep ing  t h e  v a l u e  o f  L n e a r l y  c o n s t a n t  f o r  t h e  

f r e e  d i s c h a r g i n g  flume. Suppose t h a t  a  d i v e r g e n t  s e c t i o n  i s  added 

t o  t h e  flume o r  t h a t  p a r t i a l  submergence e x i s t s .  I n  t h e s e  cases  

t h e  curved w a t e r  s u r f a c e  p r o f i l e  of t h e  f r e e  o v e r f a l l  i s  changed 

t o  n e a r l y  p a r a l l e l  f low t o  t h e  end of t h e  t h r o a t ,  s o  t h a t  t h e  

c o n t r o l  s e c t i o n  is  probab ly  a t  t h e  o u t l e t  end o f  t h e  t h r o a t .  

T h i s  i s  t h e  c a s e  u s u a l l y  assumed even f o r  t h e  f r e e  o v e r f a l l  s i t u -  

a t i o n ,  b u t  ev idence  appears  t o  f a v o r  a  m i g r a t i n g  o f  t h e  p o i n t  o f  

c r i t i c a l  dep th .  
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I f  t l ~ e  above concep t s  a r e  t r u e ,  t h e  l e n g t h  L s h o u l d  b e  in-  

c r e a s e d  by an  amount e q u a l  t o  t h e  c r i t i c a l  dep th .  l 'he n e t  re- 

s u l t  i s  t h a t  f r e e  d i s c h a r g i n g  flumes w i l l  d i s c h a r g e  s l i g h t l y  1 e s s  

i f  p a r t l y  submerged o r  i f  d i v e r g e n t  s e c t i o n s  a r e  added t o  t h e  

downstream end. On smooth flumes t h e  amount shou ld  b e  s m a l l ,  on 

rough flumes t h e  amount may be  e a s i l y  d e t e c t e d .  

Th is  might  e x p l a i n  why some r e s e a r c h e r s  n o t e  changes i n  d i s -  

charge a t  t h e o r e t i c a l l y  minor submergences o r  when f r e e  o v e r f a l l  

i s  e l i m i n a t e d ,  w h i l e  o t h e r s  r e p o r t  no e f f e c t s .  

F i n a l l y ,  w i t h  t h e  c o r r e c t  boundary l a y e r  s i z e  determined,  

t h e  d i s c h a r g e  t h a t  i t  c o n t r i b u t e s  must b e  added t o  t h e  t o t a l  Q .  

Although t h e  shape  of t h e  v e l o c i t y  p r o f i l e  i n  t h e  boundary l a y e r  

i s  probably  l o g a r i t h m i c ,  i t  is s i m p l e r  t o  assume a p a r a b o l i c  

p r o f i l e  w i t h  t h e  maximum v e l o c i t y  e q u a l  t o  t h e  average  v e l o c i t y  

i n  t h e  flume t h r o a t .  Great  accuracy i n  t h i s  q u a n t i t y  is  n o t  re-  

q u i r e d  s i n c e  t h i s  q u a n t i t y  is small compared t o  t h e  t o t a l  d i s c h a r g e  

The computer program was des igned  t o  compute t h e  d i s c h a r g e  

r a t i n g  curves  app ly ing  a l l  of  t h e  above c o r r e c t i o n s  f o r  f i v e  

flumes r e p r e s e n t i n g  t h r e e  b a s i c  shapes  and t h r e e  roughness  condi-  

t i o n s .  Two more flumes u s i n g  d a t a  from Bondurant ,  e t  al .  (1)  

and from Neogy (5) a r e  a l s o  compared b r i n g i n g  t h e  t o t a l  t o  s e v e n  

f lumes,  f o u r  roughness c o n d i t i o n s  and t h r e e  b a s i c  s h a p e s  - 
t r i a n g u l a r ,  r e c t a n g u l a r ,  and t r a p e z o i d a l .  Tab le  1 compares t h e  

l a b o r a t o r y  c a l i b r a t i o n s  w i t h  t h e  computed c a l i b r a t i o n .  The 

i d e a l i z e d  d i s c h a r g e  i s  a l s o  shown t o  i l l u s t r a t e  t h e  magnitudes 

o f  e r r o r  t h a t  can occur  i f  c o r r e c t i o n s  a r e  n o t  i n c l u d e d .  Sub- 

t r a c t i n g  t h i s  l a t t e r  v a l u e  from 100X would r e p r e s e n t  t h e  d i s -  

charge c o e f f i c i e n t  t h a t  would have t o  b e  a p p l i e d  t o  t h e  i d e a l -  

i z e d  f low.  Only f o r  t h e  r e c t a n g u l a r  flume is  i t  a  f a i r l y  

c o n s t a n t  v a l u e ,  0 .95 o r  0 .96 ,  and then on ly  f o r  heads  g r e a t e r  

than  about  0 .4  f o o t .  
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Tile c o n c r e t e  flume was c a l i b r a t e d  by bonduran t ,  ct a l .  ( I ) .  

I t s  t h r o a t  i s  too  s h o r t  t o  co~l fonn  t o  t h e  s t a t e d  requircmtlnts  

f o r  p a r a l l e l  f low when t h e  head is g r e a t e r  than about 0 . 6  f o o ~ .  

The b road-c res ted  w e i r s  o f  Xeogy ( 5 )  a r e  n o t  p r e d i c t e d  w e l l .  

The boundary- layer  t h i c k n e s s  is obv ious ly  n o t  w e l l  enough def i n e d .  

The c o r r e c t  p r e d i c t i o n  i s  c l o s e l y  approximated by t h e  average of 

assunling a  l aminar  boundary l a y e r  and then assuming a t u r b u l e n t  

boundary l a y e r ,  however, t h i s  is probably  j u s t  f o r t u i t o u s .  

Another way t o  look  a t  t h e  boundary l a y e r  e f f e c t s  i s  t o  

c o n s i d e r  t h e  t o t a l  drag caused by t h e  flume boundar ies  between t h e  

p o i n t  of measurement and t h e  c r i t i c a l  dep th .  This  is  similas t o  

t h e  o r i g i n a l  concept  o f  f r i c t i o n  l o s s  e x c e p t  t h a t  t h e  l o s s  is  

c a l c u l a t e d  w i t h  p r o v i s i o n  t h a t  a  p o r t i o n  of t h e  l e n g t h  o f  t h e  

boundary l a y e r  can b e  l a m i n a r  w h i l e  t h e  r e s t  i s  t u r b u l e n t .  The 

cor responding  s h e a r  f o r c e s  a c t i n g  through a d i s t a n c e  c o n s t i t u t e  

work b e i n g  done on t h e  f low and can b e  i n c l u d e d  i n  t h e  energy 

e q u a t i o n  be ing  s o l v e d .  

Although t h e  above concept  h a s  n o t  been  t e s t e d  i t  would 

appear  t o  o f f e r  advantages  where t h e  flow dep th  is s m a l l  com- 

p a r e d  t o  t h e  t h r o a t  l e n g t h ,  perhaps  a  r a t i o  o f  1 t o  20. I t  is  

obvious  t h a t  t h e  reduced-area  concept  o f f e r s  only  two a l t e r n a t i v e s ,  

e i t h e r  a complete ly  l aminar  o r  a  complete ly  t u r b u l e n t  boundary 

l a y e r .  The problems t h a t  t h i s  o v e r s i m p l i f i e d  concept  can pro- 

duce is  i l l u s t r a t e d  by t h e  poor  p r e d i c t i o n s  on t h e  long- th roa ted  

broad-chested w e i r s  and a t  t h e  low flows on s e v e r a l  o t h e r  f lumes,  

Table  1. 

Modeling. Labora to ry  f a c i l i t i e s  a r e  l i m i t e d  i n  c a p a c i t y  

s o  t h a t  p rov ing  l a r g e - s i z e d  flumes d i r e c t l y  is  n o t  conven ien t .  

E x i s t i n g  c a l i b r a t i o n s  on s m a l l  f lumes may, nowever, b e  p r o j e c t e d  

t o  l a r g e  s i z e s  oy modeling t e c h n i q u e s .  The r e s u l t i n g  c a l i b r a t i o n s  

can then b e  compared t o  d i r e c t  computations f o r  t h e  l a r g e  proto-  

type .  S i n c e  smooth f i b e r g l a s s  w i l l  model t h e  roughness of good 
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q u a l i t y  c o n c r e t e  at: a  nwdeling r a t i o  of 1 t o  7 ,  the c a l i b r a t i o r \  

t o r  a f i b e r g l a s s  flume w a s  p r o j e c t e d  t o  a  c o n c r e t e  f l u m e  7 t imes  

as 1.argr. For a Froude model t h e  v e l o c i t y  r a t i o ,  V r ,  i s  e q u a l  

t o  the  s q u a r e  r o o t  of t h e  l e n g t h  r a t i o ,  Lr ,  and t h e  a r e a  r a t i o ,  
9 
L. 

h is  e q u a l  t o  L  . By t h e  c o n t i n u i t y  e q u a t i o n  t h e  d i s c h a r g e  r ' r 
r a t i o  Q i s  g iven  by Q = Ar Vr = L  2  0 .5  - 

r y r r Lr - Lr 2 ' 5 .  The mul t i -  

p l i c a t i o n  f a c t o r  between t h e  d i s c h a r g e  i n  t h e  f i b e r g l a s s  model, 

Qm 
and t h e  d i s c h a r g e  i n  a c o n c r e t e  p r o t o t y p e ,  Q , which is  

2.5  I? 
s even  t imes l a r g e r  then  becomes 7 = 129.6 ,  o r  Q = 129.6 Q . 

P  m 
The r e s u l t s  of such  a p r o j e c t i o n  a r e  compared i n  Tab le  2  t o  

d i r e c t l y  c a l c u l a t e d  v a l u e s  u s i n g  t h e  energy e q u a t i o n s  c o r r e c t e d  

f o r  boundary l a y e r  development. The p r e d i c t e d  c a l i b r a t i o n  i s  

s l i g h t l y  below t h e  model-derived c a l i b r a t i o n  by less t h a n  1% 

excep t  a t  t h e  l o w e s t  modeled flow which h a s  a  p r o t o t y p e  flow dep th  

of 2 . 1  f e e t  t h a t  is  p r e d i c t e d  w i t h  a n  e r r o r  o f  -2.44%. The 

i d e a l i z e d  d i s c h a r g e  is  a l s o  shown. The p e r c e n t  d i f f e r e n c e s  h e r e  

are i d e n t i c a l  t o  t h e  cor responding  v a l u e s  of Tab le  1 f o r  t h e  

f i b e r g l a s s  flume ( t h e  F l u s h i n g  Meadows flume) excep t  f o r  rounding 

e r r o r s .  As e x p e c t e d ,  t h e  p r e d i c t e d  d i s c h a r g e  rates f o r  l a r g e  

c o n c r e t e  f lumes a t  n i g h  f low r a t e s  is  p r e d i c t e d  t o  w i t h i n  - + 2% 

by t h e  i d e a l i z e d  f low e q u a t i o n  b u t  i s  p r e d i c t e d  b e t t e r  throughout  

i t s  flow range by t h e  p r e d i c t i o n  method t h a t  c o r r e c t s  f o r  boundary 

l a y e r  th ic lcness .  

A l i s t i n g  of t h e  c u r r e n t  v e r s i o n  o f  t h e  computer program i n  

t h e  B a s i c  language is a t t a c h e d  a s  Appendix A. 

S U W Y  AND CONCLUSIONS : 

T h e o r e t i c a l  e q u a t i o n s  f o r  p r e d i c t i n g  t h e  d i s c h a r g e  through 

c r i t i c a l  dep th  flumes have been developed. The e q u a t i o n s  nave 

been extended t o  r e a l  f lows by computing t h e  t h i c k n e s s  o f  t h e  

boundary l a y e r  t h a t  forms i n  t h e  t h r o a t  of t h e  f lumes and s e r v e s  

t o  reduce t h e  e f f e c t i v e  area f o r  f low.  The bottom e l e v a t i o n  of 

the  flume is  a l s o  c o r r e c t e d  f o r  t h e  t h i c k n e s s  of  t h e  boundary 
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1agt.r and f i n a l l y  tlie Flow d i s c h a r g i n g  by way of t h e  bour~clary 

l a y e r  i t s e l f  is addc.d t o  the  computed d i sc l i a rgc .  Although tile 

discllnrge tllrough tlic boundary l a y e r  is  s m a l l  i t  can amount: t o  

1 to  j A  depending on t h e  roughness of the  flume w a l l s  and 11cnce 

the  t h i c k n e s s  o f  t h e  boundary l a y e r .  Tile d e t a i l e d  computations 

r e q u i r e d  a r e  done w i t h  t h e  a i d  of e l e c t r o n i c  computers.  With a l l  

c o r r e c t i o n s  a p p l i e d ,  t h e  p r e d i c t i o n  i s  a c c u r a t e  t o  w i t h i n  f 2% - 
through a f low range o f  1 :10 f o r  a l l  flumes c a l i b r a t e d .  The 

flumes i n c l u d e  t r i a n g u l a r ,  r e c t a n g u l a r ,  and t r a p e z o i d a l  c ross -  

s e c t i o n a l  s h a p e s .  Tnree  roughness c o n d i t i o n s  were i n c l u d e d ,  

smooth f i b e r g l a s s ,  g a l v a n i z e d  s h e e t  m e t a l ,  and aluminum s h e e t  

m e t a l .  

kiigh accuracy i n  t h e  p r e d i c t i o n  of t h e  boundary l a y e r  t h i c k -  

n e s s  does n o t  appear  n e c e s s a r y  f o r  f lumes w i t h  f low dep ths  g r e a t e r  

t h a n  about 1 / 2 0  t h e  t h r o a t  l e n g t h .  More re f inement  a p p e a r s  nec- 

e s s a r y  b e f o r e  t h e  r e s u l t s  can be  a p p l i e d  r o u t i n e l y  t o  ve ry  long  

t h r o a t e d  flumes o r  t o  low flows through flumes o r  o v e r  broad- 

c r e s t e d  w e i r s .  
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Table 1. Comparison of l abo ra to ry  c a l i b r a t i o n s  and computed c a l i b r a t i o n s .  

Flume Desc r ip t i on  Flow Laboratory Pred ic ted  % Idea l i zed  "/, 
Depth C a l i b r a t i o n  C a l i b r a t i o n  D i f f .  Discharge D i f f .  

F t  c f s  c f  s -No Corr .  - 
c f s  

Name : Flushing Meadows Flume 
Tr i angu la r :  B1 = .667 £5 

z l  = 23 = .57735 (60 ) 
Fibe rg l a s s ,  K = .00005 f t  
Throat Length = 3 .0  f t  

Name: Brawley Flume 
Tr i angu la r :  B 1  = .667 f t  

z l  = 23 = .50404 (53.5') 
Galv. Sheet Metal, K = ,0008 ft 
Throat l ength  = 2.0 f t  

Name: Small Flume 
Tr i angu la r :  B 1  = . I67  

z l  = 23 = .57735 (60') 
Alum. shee t ,  K = .00005 
Throat Length = 1 . 0  f t  

Name: Rectangular 
Rectangular :  B 1  = 1.5  f t  

B 3  = 1 E t ,  zl = 23 = 0  
Galv. Sheet Metal, K = .0008 f t  
Throat  Length = .3  f t  
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Table  1. Comparison o f  l a b o r a t o r y  c a l i b r a t i o n s  and computed c a l i b r a t i o n s ,  ( con t inued)  - 

Flume D e s c r i p t i o n  Flow Labora to ry  P r e d i c t e d  % I d e a l i z e d  '% 
Depth C a l i b r a t i o n  C a l i b r a t i o n  D i f f .  Discharge  Dif f  . 

f  t c f  s c f s  -No Cor r .  - 
c f s  

Name: U.S.B.R. Flume 
T r a p e z o i d a l :  B1 = .833 f t  

B3 = ,333 f t ,  z l  = 23  = 1 
Varnished F i b e r b ' d ,  K = .00005 f t  
Throa t  Length = 3  f t  

Name: Concre te  (Bondurant)  
+ T r a p e z o i d a l :  B1 = 1 f t  
G B3 = .4 f t ,  z l  = 23 = 1 

I 
w 
P; 

Concrete ,  S t e e l  Form, K = ,0005 
Throa t  Length = 1 f t *  

+:Throat l e n g t h  s h o r t e r  t h a n  r e q u i r e d  

Name: Broad-Crested Weir (Neogy) 
T r a p e z o i d a l :  B1 = 3.75 f t  

B3 = 1 f t ,  z l  = 0, 23 = 1 
Weir Height  = 2.052 f t  
Pa in ted  Wood, K = .00005 f t  
Throa t  Length = 12 .1  f t  

Name: Broad-Crested Weir (Neogy) 
T r a p e z o i d a l :  B1 = 3.75 f t  

B3 = 1 f t :  z l  ='0, 23 = 1 
Weir Height  = 2.052 f t  
Pa in ted  Wood, K = .00005 f t  
Throa t  Length = 24.2 f t  
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Table  2. Comparison o f  model d e r i v e d  c a l i b r s t i o n  and d i r e c t  computed c a l i b r a t i o n .  

Flume D e s c r i p t i o n  Flow Model P r e d i c t e d  X I d e a l i z e d  7: ;, 
Depth Derived C a l i b r a t i o n  D i f f .  Discharge  D i f f .  

f t  C a l i b r a t i o n  c f s  -No C o r r .  - 
c f s  c f  s 

Model flume i s  t h e  F l u s h i n g  

Meadows flume of  T a b l e  1. 2.1  8 . 2 1  8 .010  -2.44 8.545 4 .08  

P r o t o t y p e  i s  t a k e n  t o  b e  a 3 .5  3 0 . 1  29.79 -1.03 30 ,97  2 .89 

c o n c r e t e  f lume 7 t imes  l a r g e r  4 . 9  72.0 70.62 -1.92 72.64 0.89 

T r i a n g u l a r :  B1 = 4.67 f t  6 . 3  136.4  134.7  -1.25 137.74 0 . 9 8  

z l  - 23 - - -57735 ~ 6 0 ~ )  7 . 7  228. 225.8 -0.96 230.1 0 . 9 2  

Concrete ,  K = .a005 9 .  L 348. 347.5 -0 .14 353 .1  L,G5 

Throa t  Length = 2 1  f t  10.5  502. 503 .1  +O. 22 510 .2  1 . 6 3  
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APPENDIX A 

THAPC 1 14:40 FHI. 01-23-70 

99 R E A D  K3 
100 DATA -666667 
109 HEAD 81jB3 
1 10 DATA 666667~ 0 
119 READ ZlrZ3 
120 DATA -57735, -57735 
129 READ S, IrLO 
130 DATA *lr.2r 1.5 
139 READ K 
140 DATA .00001 
149 READ L 
150 DATA 3 
159 READ Y 8  
160 DATA 0 
169 READ T 
170 DATA 0 
179 READ AlaA3 
180 DATA 1 r 1 
189 READ R2>GsV1 
190 DATA 6r 32.16~ 1 *!228E-S 
200 LET J=O 
210 LET L1=O 
220 LET E=lE-5 
230 LET YO=S-I 
240 LET Q=O 
250 LET YO=YO+I 
260 LET Y I =YO 
270 LET K 1 = 1  
280 LET Y2=Y 1 
290 GDSUB920 
300 LET F=Q/( AO*SQR(G*AO/TO) > 
310 LET F= INT(F*10?4+.5)/10~4 
320 LET Q=INT ( Q*lOtR2+ 0 5  ) / 109R2 
330 IF Kl=l THEN 350 
340 LET Q4=Q 
350 LET Y5=INT<Y3*10t4+*5)/1Ot4 
360 LET F4=F 
370 G0 TQ 450 
380 LET Ql=Q 
390 LET Y6=INT(Y3*10t4+.5)/10?4 
400 LET Y4 = YO + 45*I 
410 LET F1=F 
420 IF Y4>LO THEN 460 
430 LET K1=4 
440 LET Y2=Y4 
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450 G0 T0 290 
460 LET Q4=0 
470 DEF F N R ~ X ~ = f N T ~ X * l O ~ D O + ~ 5 ) / I O t D O  
480 LET DO=5 
431 IF K=O THEN 490 
482 IF RrCIOO*L/K)/1E5 THEN 490 
453 IF T= 1 THEN 490 
484 LET Hl=FNR<Hl+S) 
487 GQ T0 500 
490 LET HI=FNR(Hl) 
500 LET Cl = FNR(C1) 
520 LET R=FNR<R)*100000 
525 IF K=O THEN 539 
530 LET L9=FNR(L/K) 
538 G0 I0 540 
539 LET L9=0 
540 LET Ll=Ll+l 
550 IF Ll = I  THEN 570 
560 G0 TQ 740 
570 LET J=J+1 
580 PRINT"FLUF1E: SILL="1Y8;" B1=*';TABt22)tBltTAB(33)t"B3=*o; 
590 PRINT TAB<36)tB3; TAB(45)iWZ l='*?TAB(48) tZltTABC603 t'Y3="; 
600 PRINT TAB(63) f Z3 
610 PRINT TAB( 1 )%'*ALPHA l="tAlJTAB( 16) ;"ALPHA 3="?A3; 
620 PRINT TABC34)$**K=";K&TAB<44) to*L="tLfTAB(54);**L/K=";L9~TAB<69>; J 
630 IF 8420 THEN680 
640 PRINT"' Y Q CRITICAL FRBUDE" 
650 PRINT" FT. CFS DEPTH-FT NB*AT Y "i 
660 PRINT TAB(38)t *' Q--B.L. DELTA R'" 
670 G0 T0 720 
68OPRINTW Y Q CRITICAL FRBUDE *"I 
690 PRINT TAB(38);"Y-F Q CRITICAL FRBUDE'" 
700 PRINT*' FT. CFS DEPTH-FT NQIAT Y * * O f  
710 PRINT TAB(38)t"FT. CFS DEPTH-FT N0.AT Y" 
720 PRINT "---------------------------------- ----------------------------------*"f 
730 PRINT w-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -w  .................................. 
740 IF Q4=0 THEN 780 
750 PRXNTTAB(1 )tY! tTAB(8)tQltTABC 17)fY6;TAB(26)sFl JTAB<~~);"*~*P 
780 PRXNT TAB(36)tY4:TAB<43)1Q4)TAB(52);Y53TAB(61 )?FA 
770 GQ T0 800 
780 PRINTTAB( I );Y1tTAB(8)?QlsTAB( I ~ ) ; Y ~ J T A B ( ~ ~ ~ ; F ~ ; T A B ( ~ ~ ) J  
790 PRINT T A B < ~ ~ ) ; C I ? T A B ( ~ ~ ) ~ H ~ J T A B ( ~ ~ ) ~  R 
800 IF (L1/5>-INT(L1/5)=0 THEN 820 
810 G8 T0 830 
820 PRINT 
830 IF L9=45 THEN 850 
840 GQ T0 900 
850 F0R P1=1TB7 
860 PRINT 
870 NEXT PI 
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HRO LET Ll=O 
890 LET YO=Y4 
900 IF YO>=LO-I THEN 1570 
910 GC? TO 240 
920 LET H1=0 
930 LET M=O 
940 LET C2=0 
945 LET Y7=YR+YI 
950 LET H = Y2 + A1 * Q*Q / (2*G*Y7*Y7+ (BI+Zl*Y7)?2) 
960 LET X=<4*23*H)-3*B3 
970 LET C = <SQR(X*X+40*Z3*B3*H)+X)/lO 
980 LET X =((B3+C)/<3*B3+5*C)) t (3/2) 
990 LET X=Ht C 3/2)*SQR(2*G/A3)*(2*B3+4*C)*X 
1000 LET E3=ABS(X-Q) 
1010 LET C2=C2+ 1 
1020 IF C2s 1000 THEN 1050 
1030 PRINTgeN0T CBNVERGING AFTER 1000 CYCLESPCURRENT DIFFERENCE=")E3 
1040 G0 T0 1070 
1050 LET Q = X 
1060 IF E3pE THEN 950 
1070 IF 23=0 THEN1100 
lo80 LET Y3=C/Z3 
1090 GB T0 1110 
1100 LET Y3=2*H/3 
1110 IF M=1 THEN 1530 
1120 LET Y=Y3 
1130 LET B=B3 
1 1  40 LET A=Y* CB3+Z3*Y) 
I50 LET V=Q/A 
1155 LET R=<V*L/Vl)*lE-5 
1160 IF K=O THEN 1540 
1161 IF R>ClOO*L/K)/IE5 THEN 1165 
1162 IF T=l THEN 1165 
1163 LET C1=1.72/SQR(R*lE5) 
1164 GO T0 1450 
1165 IF L/K<400 THEN 1565 
1170 IF L/K<1000 THEN 1221 
1180 IF L/K<4000 THEN 1230 
1190 IF L/K< 10000 THEN 1280 
1200 IF L/K<=30000THEN 1330 
1210 G0 TQ 1380 
I221 LET C9= .89984+C .O676/R) 
1222 LET C0=.65040+<.11872/R) 
1223 LET KO= 1000 
1224 LET K9=400 
1225 GQ T0 1420 
1230 LET C9=. 65O4O+( 1 l872/R) 
1240 LET CO=.43031+(.20879/R) 
1250 LET KO=4000 
1260 LET K9=1000 
1270 G0 T0 1420 

Annual Report of the U.S. Water Conservation Laboratory



1280 LET C9=. 43O3l+< .20879/RR 
1290 LET COz.3473 1 + C  *2RO32/f?) 
1300 LET KO= 10000 
1310 LET K9=4000 
1320 G0 TB 1420 
1330 LET C9=.3473+(-28032/R) 
1340 LET C0=.48949*<R?--14314) 
1350 LET KO=30000 
1360 LET K9=10000 
1370 G8 T0 1420 
1380 LET C9=*48949*(R?--14314) 
1390 LET C0=.50793*(R?-,19831) 
1400 LET KO=IE6 
1410 LET K9=30000 
1420 G0 T0 1430 
1430 LET Cl=CO+((LBG<<L/K)/KO>/L0G(K9/KO))*CC9-C0>> 
1440 LET CI=C1/100 
1450 LET HI=CI*L 
1460 IF B3=0 THEN 1500 
1470 LET Y2=Y2-H1 
1480 LET B3=B-2*Hl*( l+Z3*Z3)?. 5 
1490 GQ T0 1510 
1500 LET Y2=Y2-CHl*<Z3*Z3+l)?e5)/Z3 
1510 LET M=l 
1517 LET C1=Q3 
1520 GB T0 940 
1530 LET B3=B 
1540 LET TO=B 1 +2*Y7*Z 1 
1550 LET A0 = Y7*<Bl+Y7*Zl) 
1556 LET P3=B3+2*Y3*(l+Z3*Z3)?e5 
1557 LET V3= Q/<Y3*<83+Y3*Z3) > 
1558 LET Q3= K3*V3*P3*H1 
1559 LET Q=Q+Q3 
1560 RETURN 
1565 PRINTWL/K VALUE IS T00 L0Wr L/K=*';L/K 
1570 END 
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TITLE : ASSESSING THE ENERGY ENVIRONMENT OF PLANTS 

CRLS WORK UNIT: SWC-019-gG-3 CODE N O . :  Ariz.-WCL-68-5 

INTRODUCTION : 

The prime fo rc ing  func t ion  i n  the  energy environment of 

p l an t s ,  and the u l t i m a t e  source of a11 energy der ived  from food- 

s t u f f s ,  i s  t he  stream of s o l a r  r a d i a t i o n  emit ted from the  sun. 

This  f a c t o r  was s ing led  out  f o r  i n t e n s i v e  s tudy t h i s  year  i n  

regard t o  i t s  t ransmi t tance  through the  e a r t h ' s  atmosphere. I n  

p a r t i c u l a r ,  t h r e e  a spec t s  of t h i s  phenomenon were s tud ied  i n  t he  

Phoenix a rea  : I )  long- term averages of t he  a  tmospheric t r ans -  

mit tance f o r  s o l a r  r a d i a t i o n ,  2) t he  t ransmi t tance  of the 

atmosphere f o r  s o l a r  r a d i a t i o n  on ind iv idua l  c l e a r  days, and 3) 

v n r i a t l o ~ ~ s  of the  t ransmi t tance  func t ion  with a l t i t u d e  and season 

PKtOCEI)ULIE : 

Long-term Averages of Atmospheric Transmittance. Eighteen 

years  of c lear -day  s o l a r  r a d i a t i o n  d a t a  accumulated a t  Phoenix, 

Arizona, were analyzed t o  y i e l d  monthly averages of t he  t r ans -  

mi t tance  of t he  atmosphere f o r  s o l a r  r a d i a t i o n .  These f i g u r e s  

served a s  a  b a s i s  aga ins t  which t h e o r e t i c a l  c a l c u l a t i o n s  of t he  

atmospheric t ransmi t tance  were compared. The c a l c u l a t i o n s  

employed a r e  descr ibed  i n  d e t a i l  by Idso  ( 2 ) .  B r i e f l y ,  they were 

c a r r i e d  out  a s  fol lows.  

An express ion  developed by McDonald (5) f o r  t he  absorpt ion 

of s o l a r  r a d i a t i o n  by water vapor w a s  used i n  conjunct ion with 

the product of d a i l y  weighted mean o p t i c a l  pa th  length  and pre- 

c i p i t a b l e  water (determined from su r face  vapor pressure)  t o  y i e l d  

the  f r a c t i o n a l  dep le t ion  of the  s o l a r  beam by water vapor 

absorp t ion .  The f u r t h e r  dep le t ion  of t h i s  f r a c t i o n  by d u s t  was 

then ca l cu la t ed  by t h e  formula of Houghton ( I ) ,  exp res s ib l e  

s o l e l y  i n  terms of o p t i c a l  pa th  length .  Half of t h i s  deple ted  

energy f l u x  was considered t o  reach the  e a r t h  a s  d i f f u s e  r ad i a -  

t i o n .  The Houghton (1) r e l a t i o n s  f o r  s o l a r  r a d i a t i o n  
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transmission in the presence of scattering water vapor and the 

basic atmospheric constituents (derived from Smithsonian 

Institution data) then yielded, based upon precipitable water and 

optical path length, a final transmittance of the direct beam and 

a second scattered component. The sum of half of this scattered 

component, the fractional transmittance of the direct beam, and 

the component scattered downward by dust then yielded the total 

atmospheric transmittance. 

Atmospheric Transmittance on Individual Clear Days. An 

entire year of individual clear-day solar radiation data was ob- 

tained for Phoenix, Arizona, and converted into a total of 100 

individual daily transmittance values. The procedure of Idso (2) 

was used to determine to what accuracy calculations of these 

individual values could be made, utilizing only surface vapor 

pressure as a meteorological parameter, 

Seasonal and Altitudinal Variations in Atmospheric Trans- 

mi.ttance. For the sane year period as the previous study, solar 

radiation data were also obtained at two different altitudes 

(A elevation = 464 meters) with a matched pair of Yellott Sol-A- 

Meters. From these measurements, the transmittance difference 

between the Valley Floor and the top of nearby South Mountain 

was obtained. The procedure of Idso (2) was used to compute the 

theoretical difference and its trend over the year; and supple- 

t lwt~tnry l nc  tc~nrologic.nl data wert: c-lcqulrcct to exp1.oi.n tlw 

mechanism responsible for the distinctive results. 

RESULTS AND DISCUSSION: 

Long-term Averages of Atmospheric Transmittance. Table I 

contains the results of the measured mean monthly clear-day 

atmospheric transmittance, plus the analogous calculated results 

of three variations of the basic Idso (2) procedure. The first 

set of results is for the complete set of Houghton (1) attenua- 

tion coefficients; the second set is for the McDonald (5) water 
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vapor absorp t ion  curve toge the r  with the  remaining Houghton (1) 

c o e f f i c i e n t s ;  and t h e  t h i r d  s e t  i s  i d e n t i c a l  t o  t h e  second, bu t  

with an assumed seasonal  d u s t  v a r i a b i l i t y .  The l a t t e r  two pro- 

cedures both  agree  t o  w i th in  b e t t e r  than 0.5% of t he  measured 

values on a  yea r ly  b a s i s ,  while  the  pure Noughton (1) r e s u l t s  a r e  

o f f  by 2.6%. On a  monthly b a s i s ,  t he  dus t -cor rec ted  r e s u l t s  a r e  

a l s o  seen t o  be b e t t e r  than the  McDonald r e s u l t s  f o r  an atmos- 

phere of assumed cons t an t  d u s t  conten t .  

Atmospheric Transmittance on Ind iv idua l  Clear  Days. A 

comparison of t he  c a l c u l a t e d  and measured atmospheric t r ans -  

mi t tances  f o r  t h e  100 c l e a r  days experienced a t  Phoenix over t he  

year  period J u l y  1968 through June 1969 i s  shown i n  Figure 1. 

Included i n  t h i s  f i g u r e  i s  a  s o l i d  45 degree o r  "1 t o  1 cocrc-  

spondence" l i n e  and two dashed l i n e s  dep ic t ing  a  depa r tu re  of 

-5 1.5% from t h i s  l i n e .  Only 17 of t h e  100 t o t a l  po in ts ,  o r  17% - 
of them, f a l l  o u t s i d e  of t h i s  i n t e r v a l ,  and even these  po in t s  do 

not  l i e  very f a r  from i t .  A l e a s t  squares  a n a l y s i s  of t he  da t a  

y i e l d s  a  l i n e  of s lope  1.003 and zero i n t e r c e p t  of 0.002, with a  

c o r r e l a t i o n  c o e f f i c i e n t  of 0.921. The s tandard  e r r o r  of e s t ima te  

i s  f u r t h e r  ca l cu la t ed  t o  be only 0.009. Since these  c a l c u l a t i o n s  

were made under t h e  assumption of a  cons tan t  dus t  load i n  t he  

atmosphere, t he  r e s u l t s  show t h a t  t h i s  assumption, a l though not  

neces sa r i l y  t rue ,  i s  ope ra t iona l ly  v a l i d .  

Scnsonnl and A l C i  t u d i n a i  Var ia t ions  i n  Atmospi~cric Trnns- 

mit tance.  The d i f f e r e n t i a l  s o l a r  r a d i a t i o n  t ransmi t tance  raeasure- 

ments y ie lded  mean d i f f e r e n t i a l  t ransmi t tance  d i f f e r e n c e s  over 

t he  464 meter su r f ace  a i r  l aye r  of 0.012 f o r  t he  summer period 

May-August and 0.066 f o r  t he  win ter  per iod November-February. 

The t h e o z e t i c a l  t ransmi t tance  c a l c u l a t i o n s  y ie lded  very s i m i l a r  

r e s u l t s ,  assuming t h a t  most of t h e  atmospheric dus t  i n  win ter  i s  

confined t o  t h i s  su r f ace  layer ,  a s  opposed t o  summer when i t  i s  

assumed t o  be more evenly d i s t r i b u t e d  t o  about 3,000 meters .  
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Local  meteorological  d a t a  i nd ica t ed  t h a t  t h i s  assumption regard-  

ing seasonal  changes i n  t h e  v e r t i c a l  d i s t r i b u t i o n  of atmospheric 

d u s t  i s  wel l  j u s t i f i e d .  Although the  inve r s ion  he igh t s  a r e  

e s s e n t i a l l y  i n v a r i a n t  over  t h e  year  a n d , g e n e r a l l y  l i e  w i th in  the  

f i r s t  500 meters above the  ground, they S re  much more f requent  i n  

t he  winter .  Furthermore, c a l c u l a t i o n s  of t he  meazt monthly 

maximum mixing he igh t  i n d i c a t e  t h a t  when the  inve r s ions  do break, 

the  su r f ace  generated d u s t  can r i s e  only s l i g h t l y  above t h e  500 

meter l e v e l  i n  win ter ,  while  i n  summer i t  can ascend t o  3,000 

meters and gene ra l ly  be  removed from the  c i t y .  I n  t h e  win ter ,  

however, i t  remains trapped i n  t he  su r f ace  l a y e r  f o r  g r e a t e r  

per iods of time. 

SUMlvIARU AND CONCLUSIONS : 

A method f o r  c a l c u l a t i n g  t h e  t ransmi t tance  of t h e  atmosphere 

f u r  s o l a r  r a d i a t i o n  was developed. Assuming a cons tan t  dus t  load 

i n  the atmosphere, i t  was found t o  be equal ly  a s  accu ra t e  f o r  

i nd iv idua l  c l e a r  days a s  i t  was f o r  long-term monthly averages,  

Thc use of t he  method i n  conjunct ion with d i f f e r e n t i a l  t r ans -  

rnittnnce measurements made a t  the ground su r f ace  and 464 meters 

:I l o l  t conrir~ned the  c x i s  tcnce of a stir [rice gc2nt;r;lted clus t l aycr  

which i s  s t a t i s t i c a l l y  s tagnant  i n  t he  win ter ,  bu t  r i s e s  arid i s  

~",>iicbr:~ l l y  ~noved I n l e r n l l  y nwi~y from the c L ty i n  sttrnmcr. I,oc:~l 

met-c~orolop,icni dntn nl so  supported t h i s  conclusion.  
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Table 1. Mean monthly c lear -day  va lues  of atmospheric t rans-  

mi t tance  f o r  s o l a r  r a d i a t i o n ,  a s  c a l c u l a t e d  by t h r e e  

d i f f e r e n t  methods and a s  measured a t  Phoenix, Arizona. 

- - 

Month Hough ton  McDonald Dust Corrected Measured 

J a n  

Feb 

Ma r 

May 

June 

J u l y  

Aug 

Sep 

oc t 
Nov 

Dec 

Year 
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Figure  1. Colcula  tcd versus  measured n tmospheric 

t r ansmi t t ance  f o r  s o l a r  radiation f o r  every 

c l e a r  day of t h e  year  per iod  J u l y  1968 - 
June  1969 a t  Phoenix, Arizona. 
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SIJC-012-gC-1 bIETIIODS FOR WATER QUALITY IPlPKOVJ~XF~I\;1' A N D  J I :< 
STORAGE UNL)ERGROUND 

Nitrogen removal r a t e s  of 80% con t inued  t o  occur  w.i th 

2-3 week i n u n d a t i o n  p e r i o d s  a t  t h e  F lush ing  Xeadows P r o j e c t  

where Phoenix sewage i s  rec la imed  by ground-water reciiarge 

w i t h  i n f i l t r a t i o n  b a s i n s .  Grassed b a s i n s  n o t  o n l y  y i e l d e d  

h i g h e r  i n f i l t r a t i o n  r a t e s  t h a n  nonvege ta ted  o r  g r a v e l  covered 

b a s i n s ,  t h e y  a l s o  y i e l d e d  h i g h e r  n i t r o g e n  removal.  The n i t r o g e n  

removal p a t t e r n s  i n  t h e  f i e l d  cou ld  be d u p l i c a t e d  i n  l a b o r a t o r y  

columns. Gas chromatography s t u d i e s  on t h e  columns and a n a l y s i s  

of t h e  s o i l  from t h e  r e c h a r g e  b a s i n s  i n d i c a t e d  t h a t  a s i g n i f i -  

c a n t  amount of t h e  n i t r o g e n  removed was s t o r e d  i n  t h e  s o i l ,  

p robab ly  due t o  a  r e a c t i o n  of ammonia w i t h  o r g a n i c  m a t t e r  under 

a n a e r o b i c  c o n d i t i o n s .  Ni t rogen  removal i n  t h e  columns became 

l e s s  e f f e c t i v e  w i t h  i n u n d a t i o n  l o n g e r  t h a n  1 month and ceased  

complete ly  a f t e r  t h r e e  months con t inuous  i n u n d a t i o n .  S o i l  

p e r c o l a t i o n  a t  F l u s h i n g  lleadows gave e s s e n t i a l l y  complete re -  

moval of b iochemica l  oxygen demand and f e c a l  co1ifor:ns. Phos- 

p h a t e s  were reduced bv 90% and f l u o r i d e s  by 60%. Cost o£ r e -  

c la iming  w a t e r  i n  a  f u l l - s c a l e  r e c h a r g e  system i s  e s t i m a t e d  t o  

be $5 p e r  a c r e f o o t .  (WCL 67-4, 68-3) 

An e q u a t i o n  has  been developed Erom b a s i c  f low t h e o r y  t h a t  

p r e d i c t s  e x p e r i m e n t a l l y  observed drainage- t ime r e l a t i o n s h i p s  

b e t t e r  than  p r e v i o u s l y  pub l i shed  e q u a t i o n s .  I ts  upper l i m i t  

is t h e  f a m i l i a r  Young's e q u a t i o n ,  and i t s  lower l i m i t  i s  a two- 

parameter  e q u a t i o n .  Th is  l a t t e r  e q u a t i o n  was f i r s t  found when 

s t a t i s t i c a l l y  f i t t i n g  dra inage- t ime r e l a t i o n s h i p s .  It is  use- 

f u l  i n  p r e d i c t i n g  t h e  h y d r a u l i c  c o n d u c t i v i t y  and t o t a l  volume 

of d r a i n a g e  Erom s o i l  columns. (WCL 66-1). 
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SWC-0 18-gG-2 INCKEAS LNG AND CONSERVING FARY RA'rili', SIJE'I'J . I I:S 

F i e l d  s t u d i e s  have demonstra ted t h e  importance of , ~ s p l ~ n l  t 

s o u r c e s  i n  de te rmin ing  t h e  d u r a b i l i t y  of sprayed a s p h a l t  ca tch-  

ments f o r  wa te r  h a r v e s t i n g .  Three p l o t s  n e a r  phoen ix ,  Arizona,  

t r e a r e d  w i t h  a  s i n g l e  a p p l i c a t i o n  of sprayed Venezuel-an a s p h a l t ,  

a r e  s t i l l  producing 45% r a i n f a l l  runoff  5 y e a r s  a l t e r  i n s t a l -  

l a t i o n .  S i m i l a r  ca tchments  c o n s t r u c t e d  w i t h  C a l i f o r n i a  a s p h a l t  

have always f a i l e d  i n  l e s s  t h a n  2  y e a r s .  (WCL 60-7) 

Exact mathemat ical  s o l u t i o n s  t o  e q u a t i o n s  used f o r  e s t i m a t i ~ z g  

t h e  pH's of Na- and Ca-carbonate s o l u t i o n s  and t h e i r  combinat ions  

gave more r e l i a b l e  r e s u l t s  t h a n  t h e  s i m p l i t i e d  v e r s i o n s .  By 

f u r t h e r  e x t e n s i o n  of t h e  t h e o r e t i c a l  f o r m u l a t i o n s  and computa- 

t i o n a l  t e c h n i q u e s ,  t h e  a s s o c a t i o n  of Na and K c a t i o n s  i n  formillo, 

i o n - p a i r s  w i t h  a n i o n s  comnlonly found i n  wa te r  was demonst.rated. 

The chemical  s t a t u s  of s u r f a c e ,  i r r i g a t i o n  and groundwater 

r e l a t i v e  t o  sodium, po tass ium,  calc ium b i c a r b o n a t e ,  ca rbona te  

and s u l f a t e  i o n s  can now be d e f i n e d  more a d e q u a t e l y  w i t h  t h e  

t h e o r e t i c a l  model and e x p e r i m e n t a l  c o n s t a n t s  developed ii-i t h i s  

s t u d y .  (WCL 64-6) 

S u b s t a n t i a t i n g  t h e o r y ,  w h i t e  covers  were shown t o  be more 

e f f e c t i v e  i n  reduc ing  e v a p o r a t i o n  than green o r  b l a c k  covers  of 

t h e  same s i z e  and m a t e r i a l .  Approximately 80% of t h e  s u r f a c e  

a r e a ,  of t h r e e  2.1-nl d iamete r  i n s u l a t e d  e v a p o r a t i o n  t a n k s ,  was 

covered w i t h  w h i t e ,  g r e e n ,  and b l a c k  b u t y l  rubber  d u r i n g  June 

1969 a t  Phoenix,  Arizona.  The w h i t e ,  g r e e n ,  and b l a c k  cov2cs 

suppressed  e v a p o r a t i o n  by 75,  68,  and 62%, r e s p e c t i v e l y ,  a s  

compared t o  an  open t a n k ,  These r e s u l t s  demons t ra te  t h e  Lm- 

p o r t a n c e  o f  c o n s i d e r i n g  c o l o r  when d e s i g n i n g  c o v e r s  t o  r e J u r e  

e v a p o r a t i o n .  (WCL 67 - 3) 
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\dater m e t e r i n g  f lumes can now be des igned b y  computer t o  

accommodate many channe l  shapes  and f l o w  r a t t s  i w n -  

formance t o  a r b i t r a r y  s t a n d a r d  s i z e s .  The Llumes a r e  pro- 

por t ioned  so  t h a t  t h e  r e s u l t i n g  f low w i l l  conforrn t o  rigorc:!:; 

mathemat ical  a n a l y s i s .  O r i g i n a l l y  l i m i t e d  t o  fl-umes c o n s t r u c ~ e d  

from h y d r a u l i c a l l y  smooth m a t e r i a l s ,  t h e  computer compurat ions  

can now account  f o r  rough-surfaced m a t e r i a l s ,  such a s  c o n c r e t e .  

The f l e x i b i l i t y  i n  s i z e ,  s h a p e ,  and c o n s t r u c t i o n  m a t e r i a l s  u i l l  

pe rmi t  f low measurements of i r r i g a t i o n  d e l i v e r i e s ,  s t o r m  d r a i n -  

age  and sewerage d i s c h a r g e  a t  nominal c o s t  w i t h  an  accuracy  

w i t h i n  - f 2%.  (WCL 67-1) 
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APPENDIX I1 

LIST OF PUBLICATIONS PUBLISHED AND 

MAWSCRIPTS PREPARED I N  1969 

MS No. 

SWC-012-gG-1 Methods f o r  water q u a l i t y  improvement 
and i t s  s t o r a g e  underground. 

Published: 

Bouwer, Herman. S a l t  balance,  i r r i g a t i o n  
e f f i c i e n c y ,  and dra inage  design.  Jour .  
I r r i g .  & Drain. Div., Amer. Soc. C i v i l  
Engin. Proc. 95(IR 1):153-170. 1969. 

Bouwer, Herman. Water q u a l i t y  improve- 
ment by ground-water recharge,  Second 
Seepage Symposium Proc.,  Phoenix, Ar i z . ,  
25-27 March 1968. ARS 41-147. Pp. 23- 
27. A p r i l  1969. 255 

Bouwer, Herman. Pu t t i ng  waste water t o  
b e n e f i c i a l  use  - The Flushing Meadows 
p r o j e c t .  1968 Arizona Watershed Sym- 
posium Proc.,  Phoenix, Ar iz .  1 8  Sept .  
1968. Pp. 25-30. 1969. 

Bouwer, Herman, I n f i l t r a t i o n  of water 
i n t o  nonuniform s o i l .  Jour .  I r r i g .  & 
Drain. Div,,  Amer. Soc. C i v i l  Engin, 
Proc. 95(IR 4):451-462. 1969. 

Prepared : 

Bouwer, Herman. Ground-water recharge  
des ign  f o r  renovat ing  waste waters .  
Jour . ,  San i t a ry  Engin. Div., Amer. Soc. 
C i v i l  Engin. Proc, ( I n  p re s s )  2 85 
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MS No. 
SWC-018-gG-2 Increasing and conserving farm water 

supplies. 

Published : 

Bouwer, Herman. Theory of seepage from 
open channels. Chap. 'Advances in 
Hydroscience', Vol. V. (V. T. Chow, Ed.) 
Academic Press, New Pork, 1969. Pp. 121- 
170. 197 

Bouwer, Herman. Planning and interpreting 
soil permeability measurements. Jour. 
Irrig. & Drain. Div., Amer. Soc. Civil 
Engin. Proc. 95(IR 3):391-402. 1969. 219 

Bouwer, Herman, and Rice, R. C. Review 
of methods for measuring and predicting 
seepage, Second Seepage Symposium Proc., 
Phoenix, Ariz,, 25-27 March 1968. 
ARS 41-147. Pp. 115-120. April 1969. 254 

Cooley, Keith R. and Myers, L. E, Water 
harvesting and storage. Proc., Seminar on 
Modifying the Soil and Water Environment 
for Approaching the Agricultural Potential 
of the Great Plains. Kansas State Univ., 
Manhattan, Kansas, March 17-19, 1969. 
Pp. 23-33. 282 

Fink, Dwayne H., and Myers, L. E. 
Synthetic hydrophobic soils for harvesting 
precipitation. Symposium on Water-repellent 
Soils Proc., Univ. of Calif. at Riverside, 
May 6-10, 1968, Edited by L.F. DeBano and 
John Letey. Pp, 221-240. 1969. 261 

Frasier, Gary We, and Myers, L, E. 
Digest: Stable Alkanol Dispersion to Reduce ^ 

Evaporation. Trans,, Amer, Soc, Civil 
Engin. 134:131, 1969, 29 3 

Lagerwerff, J. V., Nakayarna, F, S,, and 
Frere, M, H, Hydraulic conductivity and 
swelling of soils, Soil Sci. Soc, Amer. 
Proc,, 33(1):3-11. 1969, 216 
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MS No. 

hlyers, Lloyd E. I ' r e c i p i t a t i o n  runof f  
inducement.  Symposium on Water S u p p l i e s  
f o r  Ar id  Regions Proc . ,  Tucson, A r i z . ,  
1-2 May 1967. CODAZR, AAAS, C o n t r i b u t i o n  
No. 1 0 ,  Pp. 22-30. 1969. 210 

Myers, Lloyd E. Saving wate r  w i t h  
a s p h a l t .  Div. o f  Petroleum Chem,,Inc. ,  
Amer. Chem. Soc. Symposium Proc. ,  
A t l a n t i c  C i t y ,  N . J . ,  8-13 S e p t  1968. 
S e c t .  C - New Uses f o r  A s p h a l t .  (C170- 
C173). 1969, 258 

Myers, Lloyd E., Gen. Chairman & E d i t o r .  
Second Seepage Symposium P r o c , ,  Phoenix,  
A r i z . ,  25-27 March 1968. ARS 41-147. 
(Agric.  Res. Serv . ,  USDA) A p r i l  1969. 2 64 

. Myers, Lloyd E . ,  and F r a s i e r ,  Gary W. 
C r e a t i n g  hydrophobic  s o i l  f o r  wa te r  
h a r v e s t i n g ,  J o u r .  I r r i g .  & Dra in .  Div . ,  
Amer. Soc,  C i v i l  Engin. Proc.  95(IR I ) :  
43-54. 1969. 227 

Nyers ,  Lloyd E., and Regina to ,  Rober t  J .  
C u r r e n t  seepage  r e d u c t i o n  r e s e a r c h .  
Second Seepage Symposium Proc , ,  Phoenix,  
A r i z . ,  25-27 March 1968, ARS 41-147, 
Pp. 75-78. A p r i l  1969. 251 

Nakayarna, F. S. T h e o r e t i c a l  c o n s i d e r -  
a t i o n  o f  t h e  c a l c i u m  s u l f a t e - b i c a r b o n a t e -  
c a r b o n a t e  i n t e r r e l a t i o n  i n  s o i l  s o l u t i o n ,  
S o i l  S c i ,  Soc. Amer, Proc,  33(5):668-672, 
1969. 277 

Nakayama, F. S . ,  and Rasnick,  B.  A. 
B i c a r b o n a t e  complexes o f  bar ium and 
s t r o n t i u m ,  J o u r .  I n o r g .  & Nuclear Chem. 
31(11):3491-3494. 1969. 278 
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Nielsen,  I). R ,  , and Jackson,  Ray 1>. 
Changes i n  water q u a l i t y  dur ing  seepage. 
Second Seepage Symposium PL'OC . , IJhoenFx, 
Ariz . ,  25-27 Plarch 1963. ARS 41-147. 
IJp, 8-13. A p r i l  1969. 

Rice, Robert C. A f a s t  response f i e l d  
tensiometer  system. Trans., Amer. Soc. 
Agric.  Engin. 12(1):48-50, 1969. 

Van Bavel, C,  H. M. Physical  f a c t o r s  
determining water use by crops.  F i r s t  
Pan American S o i l  Conserv, Cong. Proc, ,  
Sao Paulo, B r a z i l ,  A p r i l  1966. Pp. 579- 
584, 1969. 

Van Bavel, C ,  H. Me The three-phase 
domain i n  hydrology. UNESCO Symposium on 
"Water i n  t h e  ~ n s a i u r a t e d  Zone" Proc, ,  
Wageningen, Holland, June 1966. 
(P. E. Rijtema and H, Wassink, Eds,) 
Vol. I, Pp, 23-32, 1969, 

MS No. 

25 2 

2 34 

162 

168 

Van Bavel, C ,  H, M. Summary of papers 
presented i n  Sec t ion  I-b of UNESCO 
Symposium on "Water i n  t h e  Unsaturated 
Zone", Wageningen, Holland, June 1966, 
Symposium Proceedings (P,  E ,  Rijtema and 
H. wassink, Eds.) Vol, I, Pp. 287-291, 1969, 183  

Watson, K O  K, ,  and Whisler,  Franlc D. 
A semi-numerical approach f o r  determining 
the  hydrau l i c  conduct iv i ty  of unsa tura ted  
porous m a t e r i a l .  Third Aus t r a l a s i an  Conf. 
on Hydraul ics  and Flu id  Mechanics Proc , ,  
Sydney, Aust .  1968. Pp. 46-50. 1969. 

I Jh is le r ,  Franlc D. Analyzing s t e a d y - s t a t e  
flow i n  an  i n c l i n e d  s o i l  s l a b .  S o i l  Sc i .  
Soc. Amer. Proc. 33(1):19-25. 1969. 

I Jh is le r ,  Frank D . ,  and Watson, R. I<. 
Analysis of i n f i l t r a t i o n  i n t o  d ra in ing  
porous media, Jou r ,  I r r i g .  & Drain. Div., 
Amer. Soc. C i v i l  Engin. Proc. 95(IIi 4 ) :  
481-491, 1969. 
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MS No. 

Cooley , K e i t h  R. Energy r e l a t i o n s l r i p s  
i n  t h e  d e s i g n  of f l o a t i n g  covers  For 
e v a p o r a t i o n  r e d u c t i o n .  Water Resources 
Research.  (Submitted f o r  p u b l i c a t i o n ) .  

Cooley,  Ke i th  R. Evapora t ion  from open 
wate r  s u r f a c e s  i n  Arizona.  Univ. of A r i z ,  
E x t .  Serv.  Bul. (Approved f o r  p u b l i c a t i o n )  

F ink ,  Dwayne H. Water r e p e l l e n c y  and 
i n f i l t r a t i o n  r e s i s t a n c e  of o r g a n i c - f i l m  
c o a t e d  s o i l s ,  S o i l  S c i ,  Soc, Arner, Proc,  
( I n  p r e s s ) .  

F r a s i e r ,  Gary W.,  and Myers, Lloyd E.  
P r o t e c t i v e  s p r a y  c o a t i n g s  f o r  w a t e r  
h a r v e s t i n g  catchments .  Trans . ,  Amer. 
Soc, Agr ic .  Engin. ( I n  p r e s s ) .  

Jackson ,  Ray D., and 'Whisler, Frank D. 
Approximate e q u a t i o n s  f o r  v e r t i c a l  non- 
s t e a d y  state d r a i n a g e :  I, T h e o r e t i c a l  
approach.  (Approved f o r  p u b l i c a t i o n ) .  

Myers, Lloyd E.  O p p o r t u n i t i e s  f o r  wa te r  
s a l v a g e ,  C i v i l  Eng ineer ing .  ( I n  p r e s s ) .  

Myers, Lloyd E,  Water c o n s e r v a t i o n  f o r  
food and f i b e r  p r o d u c t i o n  i n  a r i d  l a n d s ,  
Chap. & "Food, F i b e r  and t h e  Ar id  Lands." 
Amer. Assoc. Adv. S c i .  and t h e  Univ, of 
A r i z .  P r e s s .  ( I n  p r e s s ) .  

Myers, Lloyd E . ,  and F r a s i e r ,  Gary W. 
Evapora t ion  r e d u c t i o n  wi th  f l o a t i n g  
g r a n u l a r  m a t e r i a l s .  J o u r .  I r r i g .  G Dra in .  
Div. ,  Amer. Soc. C i v i l  Engin.  Proc.  
(Submit ted f o r  p u b l i c a t i o n ) .  

Myers, Lloyd E . ,  and F r a s i e r ,  Gary W. 
D i g e s t :  C r e a t i n g  hydrophobic s o i l  f o r  
wa te r  h a r v e s t i n g .  Trans . ,  Amer. Soc. 
C i v i l  EngZn, (Submitted f o r  p u b l i c a t i o n )  
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Myers, Lloyd I:. , Frasit>r, G a r y  Id., and 
L S  o l n  I. Digest: Sprayed asp11al t 
pavements for water harvesting. Trans., 
Amer. Soc. Civil Engin. (Approved for 
publication). 

Nakayama, F. S. Hydrolysis of CaCO 
3 "  

Na CO and NaNCO and their combi.nations 
2  3 3 

in the presence and absence of CO 
2 "  

Soil Sci, (In press). 294 

Nakayama, F. S. Sodium bicarbonate and 
carbonate ion-pairs and their relation 
to the estimation of the first and second 
dissociation constants of carbonic acid. 
Jour, Phys. Chem. (Submitted for publi- 
cation) . 305 

Reginato, Robert J., and Stout, Karl. 
Temperature stabilization of Gamma Ray 
transmission equipment. Soil Sci, Soc. 
Amer, Proc, (NOTE) , (In press). 2 8 8  

Whisler, Frank D., and Bouwer, Herman. 
Comparison of methods for calculating 
vertical drainage and infiltration for 
soils, Jour, Hydrol. (In press), 

Whisler, Frank D., and Jackson, Ray D. 
Approximate equations for vertical noa- 
steady state drainage: TI, Statistical 
and empirical approach, (Submitted Eor 
approval), 292 

Whisler, Frank D., Klute, Arnold, and 
Xillinston, Richard J, Analysis of 
radial, steady-state solution and solute 
flow. Soil Sci. Soc. Amer. Proc. 
(Submitted for publication). 
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MS No, -- 

SWC-019-gC-3 E L f i c i e n t  i r r i g a t i o n  and a g r i c u l  ttrral 
wa te r  u s e ,  

E r i e ,  Leonard J., and French ,  0 .  F. 
Growth, y l e l d ,  and y i e l d  components o f  
s a f f l o w e r  as a f f e c t e d  by i r r i g a t i o n  
regimes.  Agron. J o u r .  61(1):111-113. 
1969. 237 

E r i e ,  Leonard J . ,  and French,  0 .  F, 
Water management on f a l l - p l a n t e d  sugar  
b e e t s  i n  t h e  S a l t  River  Va l ley  o f  
Arizona.  T r a n s , ,  Amer, Soc,  Agr ic .  
Engin.  11 (6) :792-795. 1968. 250 

I-laise, Howard R . ,  Kruse,  Gordon E.,  and 
E r i e ,  Leonard J. Automating s u r f a c e  
i r r i g a t i o n ,  A g r i c ,  Engin. 50(4):212-216. 
1969. 257 

Hilgeman, R,  H , ,  E h r l e r ,  W. L., E v e r l i n q ,  
C. E., and Sharp,  H. 0 ,  Apparent  t r a n s p i r -  
a t i o n  and i n t e r n a l  w a t e r  s t r e s s  i n  Va lenc ia  
o ranges  as a f f e c t e d  by s o i l  w a t e r ,  season  
and c l i m a t e .  F i r s t  L n t e r n a t l ,  C i t r u s  Symp. 
Proc , ,  March 1968, R i v e r s i d e ,  Cal iE.  
Vol, 3,  Pp, 1713-1723. 1969. 259 

I d s o ,  Sherwood B., A h o l o c o e n o t i c  a n a l y s i s  
o f  environment-plant  r e l a t i o n s h i p s .  Univ. 
o f  Minn, A g r i c ,  Expt ,  S t a .  Tech. Bul,  264, 
147 pp. 1968. 2  30 

I d s o ,  Sherwood B .  A t h e o r e t i c a l  framework - 
f o r  t h e  p h o t o s y n t h e t i c  modeling o f  p l a n t  
c o m ~ u n i t i e s .  Advan, F r o n t .  P l a n t  S c i .  
( I n d i a )  23:91-118. 1969, 270 

I d s o ,  Sherwood PI, Atmospheric a t t e n u -  
a t i o n  o f  s o l a r  r a d i a t i o n .  J o u r .  Atmos. 
S c i .  26(5):1088-1095. 1969. ? 81 
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Idso, Sherwood B . ,  Baker, I). C;. , and 
Blad, B, L. Relat ions of r ad ia t ion  
f luxes  over n a t u r a l  surfaces ,  Q t r l y .  
Jour ,  Royal Meteorol. Soc. 95(404:244- 
257. 1969, 

Comparison of two methods for  determining 
in f ra red  emittance of bare s o i l s .  Jour.  
Appl. Meteorok. 8(1):168-169, 1969, 260 

Tdsa, Sherwood B., and Jackson, Ray D. 
Thermal r a d i a t i o n  from the  atmosphere. 
Jour. Geophys. Res. 74(23):5397-5403. 
1969. 275 

Jackson, Ray D , ,  and Idso, Sherwood B. 
Ambient temperature e f f e c t s  i n  in f ra red  
thermometry, Agron, Jour,  61(2):324- 
325, 1969, 253 

Target meters f o r  
ve loc i ty  and discharge measurements i n  
open channels. Trans,, Amer, Soc, Agric,  
Engin, 11(6):854-856, 1968. 236 

Flow measurement with 
c r i t i c a l  depth flumes. In ternatL,  Corn, 
on J r r i g .  and Drainage, 7th Cong. Proc., 
Plexico City, Apr i l  1969. Ques. 24, R ,  15 ,  
Pp. 24.215-24,235. 256 

Prepared : 

Er ie ,  Leonard J ,  Digest - Planagement: A - 
key t o  i r r i g a t i o n  e f f i c i ency .  Trans., 
Amex, Soc, Civil. Engin. (Tn press), 286 

Id so ,  Sherwood B, The transmit tance o f  
t h e  atmosphere f o r  s o l a r  r ad ia t ion  on 
individual  c l e a r  days. Jour.  Appl, 
Meteorol. ( I n  press) .  
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PIS No 

Idso, Sherwood B. The r e l a t i v e  scnsi- 
t i v i t i e s  of polyethylene-shielded ne t  
radiometers fo r  shor t -  and long-wave 
rad ia t ion ,  Rev, Sci .  Inslruments, 
( S u b d t t e d  f o r  publicat ion) . 

Light  r e l a t i o n s  i n  p lan t  canopies. 
Appl, Optics,  (In press) .  279 

troposphere. Jour. Geophys, Res, 
( I n  press) ,  

i f y i n g  elbow 
ow. Jour ,  I r r i g .  

Soc, C i v i l  Engin. 
publ ica t ion) ,  29 

ters f o r  water 
t, 5th  h e r ,  Water 
c , ,  San Antonio, Tex. 
pproved f o r  publ ica t ion) .  306 
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A P P E N D I X  111 

SUMMARY TABLE OF STATUS OF RESEARCH OUTLINES 

Title Code 

Methods for water quality improvement 
and its storage underground 

Experimental and analytical studies B 
of the flow and oxygen regimes in soil 
intermittently inundated with low 
quality water 

Waste-water renovation by spreading B 
treated sewage for groundwater re- 
charge 

Co1,urnn studies of t h c  chcmica 1 ,  B 
pl~yr-:icrr 1 arid h i o  lot;i.c;l 1 ~ ) r O C C H N C 1 ! ~  0 1  
wastewater renovation by percolation 
through the soil 
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T i t l e  

Inc reas ing  and conserving farm water  
s u p p l i e s  

S o i l  t rea tment  t o  reduce i n f i l t r a t i o n  
and i n c r e a s e  p r e c i p i t a t i o n  runo f i  

Measurement and c a l c u l a t i o n  of un- 
s a t u r a t e d  conduc t iv i t y  and s o i l -  
water d i f f u s i v i t y  

Clay d i s p e r s a n t s  f o r  t he  reduc t ion  
of seepage l o s s e s  from r e s e r v o i r s  

Water-borne s e a l a n t s  t o  reduce seepage 
lo s se s  from unl ined  channels  and 
r e s e r v o i r s  

Dispersion and f l o c c u l a t i o n  of s o i l  
and c l a y  m a t e r i a l s  a s  r e l a t e d  t o  
t h e  Ha and Ca s t a t u s  of t h e  ambient 
s o l u t i o n  

Ma te r i a l s  and methods f o r  water 
h a r v e s t i n g  and water s t o r a g e  i n  
t h e  S t a t e  of Hawaii 

Study of unsa tu ra t ed ,  two-dimensional 
s o i l  water flow us ing  a n  ana log  
computer 

Phys i ca l  and chemical c h a r a c t e r  i s  t i c s  
of hydrophobic s o i l s  

Use of f l o a t i n g  s o l i d  and granular  
m a t e r i a l s  t o  reduce evapora t ion  
from water su r f aces  

Evaporat ion of water from s o i l  

Fabr ica ted- in-p lace ,  r e in fo rced  
r e s e r v o i r  l i n i n g s  

Code - 
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T i t l e  Code - 
SWC-01.9-gG-3 E f f i c i e n t  i r r i g a t i o n  and a g r i c u l t u r a l  

wa te r  u s e  

Ariz-WCL-58-2 Consumptive u s e  of  wa te r  by c r o p s  B 
grown i n  Arizona 

Ariz-WCL-60-2 Dynamic s i m i l a r i t y  i n  elbow f low B 
m e t e r s  

Ariz-WCL-62-10 P l a n t  r e sponse  t o  changes i n  B 
e v a p o r a t i v e  demand and s o i l  wa te r  
p o t e n t i a l ,  a s  shown by measurements 
of  l e a f  r e s i s t a n c e ,  t r a n s p i r a t i o n ,  
l e a f  t e m p e r a t u r e ,  and l e a f  w a t e r  
c o n t e n t  

Arix-WCL-65-3 I n t e g r a t i n g  v e l o c i t y  p r o f i l e  me te r s  C 

~riz-WCL-66-2 I r r i g a t i o n  o u t l e t  s t r u c t u r e s  t o  B 
d i s t r i b u t e  w a t e r  o n t o  e r o s i v e  
s o i l s  

Ariz-WCL-66-4 Automation of  water  d i s t r i b u t i o n  
sys tems f o r  s u r f a c e  i r r i g a t i o n '  

A - W -  1 Flow measurement i n  open c t lannels  B 
w i t h  c r i t i c a l  d e p t h  f lumes 

Arix-WCL-68-4 Water s t r e s s e s  i n  p l a n t s  C 

Ariz-WCL-68-6 S i m u l a t i o n  of p l a n t  c o ~ m u n i t i e s  f o r  C 
d e t e r m i n i n g  wa te r  u s e  e f f i c i e n c y  
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T i t l e  Code - 
PL 480 P r o j e c t s  

A10-SWC-20 Biology and consumptive wa te r  u s e  of C 
r a n g e  p l a n t s  under d e s e r t  c o n d i t i o n s  

A10-SWC-36 Runoff inducement i n  a r i d  l a n d s  C 

AlO-SWC-54 Optimum u t i l i z a t i o n  of s u r f a c e  and  C 
s u b s u r f a c e  wa te r  f a c i l i t i e s  i n  
w a t e r  r e s o u r c e s  sys tems 

A10-SWC-75 I n f i l t r a t i o n  and r a i n f a l l  runof f  a s  C 
a f f e c t e d  by n a t u r a l  and a r t i f i c i a l  
s u r f a c e  c r u s t s  
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